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ABSTRACT 
	  
This thesis presents a coupled mechanical device that generates power by a direct 
conversion of the airflow into mechanical vibrations. The mechanism experiences a fluid 
force that changes with its orientation causing vibrations. The device consists of two 
tightly coupled parts: a mechanical resonator that produces high-frequency mechanical 
oscillations from quasi-steady airflow resulting in large amplitude vibrations and a 
piezoelectric power generator harvesting the energy from the resonator’s motion. 
Instantaneous velocity interactions were studied using numerical modeling and 
experimental tests. The proposed energy harvester allows for locking up the device’s 
lowest natural frequency to the vortex-shedding resonant frequency induced by the 
ambient energy source. Furthermore, an array consisting of 8 harvesters was constructed 
and a net feasible power output was measured. A single energy harvester vibrating at its 
first Eigen frequency mode demonstrated a peak-to-peak output voltage of over 80V at 
10Hz, from an input wind velocity of ~7 m/s. 
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NOMENCLATURE 
	  
V   = Output Voltage (Volts) 
R   = Resistance (Ω) 
T   = Magnetic Field Stress 
D  = Electric Displacement 
E  = Electric Field 
S  = Magnetic Field Strain 
εT = Permitivity 
d  = Piezoelectric Constant 
sE = Passivity 
ρ   = mass density (g/cc), 
μ   = dynamic viscosity (kg/m*s) 
ν   = kinematic viscosity (m2/s) 
U  = free stream velocity (m/s), 
D  = characteristic length of bluff body (m), 
CL = lift coefficient, dimensionless, 
y   = vertical plane displacement of a cylinder from its equilibrium position, 
    m   = mass per unit length of a cylinder, 
    𝜉    = structural damping factor, 
	  xix	  
	  
    δr   = Scruton number or reduced damping 
    k    = spring constant, 
    ωy  = (k/m)1/2 = 2πƒy , circular natural frequency, 
ω s= 2πƒs , circular vortex shedding frequency, 
Ay = amplitude of motion, 
ϕ  = phase angle, 
t    = time (s), 
FL = lift force (perpendicular to mean flow), 
ƒs   = vortex shedding frequency (Hz), 
St  = Strouhal Number, 
Re = Reynolds Number 
 
 
 
 
 
 
 
 
	  1	  
	  
CHAPTER 1 
INTRODUCTION 
	  
1.1 The need for energy harvesting 
	  
Current climate change, pollution and depletion of non-renewable energy will 
have an enormous impact on our planet’s people, ecosystems, cities, and energy use. 
Today’s fast growing economy and significant technological development should have a 
direct co-relation with reducing and hopefully overcoming the use of fossil fuels for 
energy. Today, we, as a society, rely more consistently on electricity for illumination, 
entertainment and communication in our daily lives. However, the coverage of power 
grids and energy storage plants is limited in less developed parts of the planet. Even 
though large scale wind farms do have monopoly over green energy harvesting, from 
buying or renting land to their high construction and transportation requirements the 
benefits do not always outweigh the costs. Differentiating large scale from a more 
economical and a regular consumer based small city scale can be very beneficial.  
1.1.1 GravityLight 
An example is a project worth mentioning called GravityLight that uses a realistic 
alternative to Kerosene lamps by harnessing the power of gravity (see figure 1). 
GravityLight is considered to be a new approach to storing energy and creating 
illumination. It takes only 3 seconds to lift the weight, which powers GravityLight, 
creating 30 minutes of light on its descent [1]. With over 1.5 billion people in the world 
with limited or no access to electricity, they solely rely on biomass fuels (mostly 
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kerosene) for lighting once the sun goes down. The fumes from these fuels cause eye 
infections and cataracts, but burning kerosene is also more immediately dangerous is the 
main cause of female lung cancer in less fortunate areas. This drain risks putting people 
in a permanent state of survival living, for their daily needs, as and when they can. 
                           Figure 1. GravityLight (deciwatt.org) 
 
1.1.2 Solar Panels 
Photovoltaic (PV) panels convert sunlight to electricity. Typical solar panels have 
efficiency between 10% and 20%. Fundamental physical laws limit the efficiency of 
photovoltaic systems to at best 60% with perfect concentrating mirrors or lenses, and 
45% without concentration. Mass-produced devices with efficiency greater than 30% are 
practically impossible. Solar power stations do not match the power output of similar 
sized conventional power stations; they can also be very expensive to build. Solar power 
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is used to charge batteries so that solar powered devices can be used at night. The 
batteries can often be large and heavy, taking up space and needing to be replaced from 
time to time. 
1.1.3 Wireless Sensor Networks  
Over the past two decades, energy requirement for microelectronic components 
have decreased significantly. Most cases adequate energy supply is done through the use 
of batteries. But especially for small components for example a wireless communication 
device, regular recharge or replacement along with the added weight and dimensions of 
the battery may not be desirable [2]. A potential solution is to use supply power to these 
components continuously using readily available ambient energy.  
Universal recognition of Wireless sensor networks (WSNs) particularly with the 
rise of Micro-Electro-Mechanical Systems (MEMS) has facilitated the growth of small, 
economical sensors. The sensors measure and gather information from the environment 
and connect the incoming data to users. Some applications of WSNs include military 
target tracking and surveillance [3, 4], natural disaster relief [5], structural health 
monitoring [6] biomedical health monitoring [7, 8], hazardous environment exploration 
and seismic sensing [9]. To economically power WSNs, batteries are the main power 
source. Some limitations of battery power use are frequent replacement, which is 
expensive and unfeasible for a large capacity use or in rural areas. Further, batteries pose 
a potential toxic threat to the environment since they are made from corrosive or toxic 
materials including acid, lead, nickel, lithium, cadmium, alkaline, mercury and nickel 
metal hydride. Incorrect disposal of batteries may cause leakage of these hazardous 
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materials to the environment and intern contaminates the soil and water. Energy 
harvesting is an alternative power solution for WSNs that can provide continuous 
electricity with extended lifetime and reduced installation/maintenance cost. Depending 
on the specific application, different energy sources can be used such as sunlight, wind, 
vibration, temperature gradient or an amalgamation of them. 
In environments that involve cases of high temperature, humidity and corrosion, 
the well-known Microelectromechanical Systems (MEMS) limits the accessibility of the 
sensors to external power sources. Embedded power sources such as batteries have 
limited lifetime and suffer severe performance degradation at high temperatures. 
Examples of such environment include heat resistant layers of the space shuttle, rotating 
bearings in the aircraft engine, disc brakes, and high-speed shaft rotation. In these cases, 
the heat and vibrations are the sources that can be converted to electricity. 
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1.2 Accessible Energy  
Table 1-1 demonstrates different readily available renewable energy sources that the 
environment can offer. 
Table 1-1. Energy sources in the environment 
Energy 
sources 
Example Energy level Conversion 
mechanism 
Reference 
Ambient 
radiation 
 
RF signal <1μW/cm2 Electromagnetic 
 
Paradiso, 
2005 [10] 
 
Ambient 
light 
 
Sunlight, 
Illumination 
100mW/cm2 (bright 
sunlight) 100μW/cm2 
(office illumination) 
Photovoltaic 
 
Paradiso, 
2005 [10] 
 
Vibration 
 
Machine 
vibration, 
Human motion 
4-800 μW/cm3 Piezoelectric, 
Electromagnetic, 
Electrostatic 
Roundy, 
2003 [11]  
Knight, 
2008 [12] 
 
Fluid 
flow 
Wind, 
Ventilation, 
Piping, Current, 
Wave 
Air: 200-800 μW/cm3 
 
Turbine 
(electromagnetic), 
Piezoelectric 
Knight, 
2008 [12] 
 
 Water: 500mW/cm3 
 
 
Thermal Temperature 
differential 
60μW/cm2 at 5 °C 
difference 
Thermoelectric, 
Thermionic, 
Thermotunnelling 
Paradiso, 
2005 [10] 
Pressure 
variation 
 
Daily 
atmosphere 
pressure change 
 
<10 μW/cm3 Unclear 
 
Knight, 
2008[12] 
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1.3 Harvesting Energy from Fluid Flows 
 
The available kinetic (vibration) energy present in an environment requires a 
transduction mechanism to be converted into electricity. This conversion can be done 
using the mechanism of airflow-induced vibrations. These are motions induced on bodies 
interacting with an external fluid flow. A fluid moving with a certain velocity causes a 
vortex formation resulting in vibrations and movement of body. Maximum energy is 
generated when a mechanical structure is at resonance with the excitation of fluid flow. 
Mechanical resonance is the tendency of a mechanical system to respond at greater 
amplitude when the frequency of its oscillations matches the system's natural frequency 
of vibration (see Figure 2). 
 
 
 
 
                  Figure 2. Graph showing Mechanical Resonant Frequency 
 One approach to achieve this resonance is to induce the phenomenon of Von 
Kármán vortex shedding. Vortex shedding can be defined as the periodic detachment of 
pairs of alternate vortices that appear in the wake of the bluff- body immersed in a fluid 
flow. These vibrations then can be converted to useful electricity. Electro-magnetic, 
electrostatic and piezoelectric transductions are the three main methodologies that are 
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implemented to convert vibrations to electricity. The focus of this thesis is on 
piezoelectric transduction, in which the application of mechanical strain to a piezoelectric 
material creates electric charge on its surface. Compared to the electromagnetic and 
electrostatic transduction mechanisms, piezoelectric energy harvesters have larger power 
densities [13] and relatively high voltages [14]. They are not reliant on an external 
voltage input and are relatively easy to fabricate at the micro and macro scales. However, 
the voltage and current levels are dependent on the specific design and on the particular 
electrical load circuit used. In reality, it is quite easy to design a system that produces 
voltages and currents in the useful range. Therefore, like electrostatic conversion, one of 
the advantages of piezoelectric conversion is the direct generation of the appropriate 
voltage and current output. A second advantage is that no separate voltage source is 
needed to initiate the conversion process. Additionally, there is generally no need for 
mechanical stops. Therefore, these devices can be designed to exhibit very little 
mechanical damping.  
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1.4 Piezoelectric Transducers 
 
Piezoelectric ceramics form an off-central symmetry that when subjected to 
mechanical load produce electrical charges on surfaces because of the change of the 
dipole moment within the materials. Currently, polycrystalline ceramics are the most 
common piezoelectric materials such as lead-zirconate-titanate (PZT) and lead-
magnesium-niobate-lead-titanate (PMN-PT). Polyvinylidene fluoride (PVDF) is a 
piezoelectric polymer that is also broadly used due to its low cost and high flexibility. 
Many “smart material structures” use piezoelectric devices as transducers, 
sensors, actuators, pumps, and motors in electric communication, medical diagnostics, 
computers, industrial sensors and MEMS systems. Gabriel Lippmann first discovered the 
piezoelectric effect in 1881. He then postulated the presence of the converse piezoelectric 
effect by a thorough thermodynamic calculation and this was then verified by 
experiments done by the Curie brothers. This literature explains the 32 classes of single-
crystal materials, 11 of which possess a center of symmetry and are non-polar. For these, 
applied stress results in symmetrical ionic displacements so that there is no net change in 
dipole moment. The other 21 crystal classes are non - centrosymmetric and 20 of these 
exhibit the piezoelectric effect. The single exception, in the cubic system, possesses 
symmetry characteristics that combine to cancel out the piezoelectric effect. 
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                    Figure 3. (a) Direct and (b) reverse piezoelectric effects 
 
Let’s consider a piezoelectric plate as seen in figure 3 that is polarized in the 
direction indicated by P. This plate transmits electrode charge over its top and bottom 
surfaces and a resulting compressive stress causes a transient current to flow in the 
external circuit (Figure 3(a) – (i)); similarly a tensile stress produces current in the 
opposite direction (Figure 3(a) – (ii)). Contrariwise, the application of an electric field 
produces strain in the crystal in an assumed direction (Figure 3(b) – (i)); reversal of the 
field causes a strain in the opposite direction (Figure 3(b) – (ii)). The changes in 
polarization, which accompany the direct piezoelectric effect, manifest themselves in the 
appearance of charges on the crystal surface and a current in the case of a closed circuit. 
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The following constitutive relations are used to describe the direct and converse 
piezoelectric effects: 
                                                          S = sET + dTE                                                      (1) 
                                                          D = dT + εTE                                                       (2) 
where, 
T=[T11      T22      T33      T23      T13      T12]T,   S=[S11      S22      S33      S23      S13      S12]T, 
D=[D1       D2       D3  ]T ,   E=[E1       E2       E3  ]T 
sE  =  [sijE ]    with i,j=1,…,6 
εE  =  [εijE ]    with i,j=1,…,3 
d=[dij]  with i=1,…,3 and j=1,…,6 
where, T is the stress, D is the electric displacement, S is the strain, E is the electric field, 
εT is the permitivity measured at constant stress, d is the piezoelectric constant and sE is 
the passivity measured at steady electric field. 
Characteristically, piezoelectric harvesters operate in two modes, which are 
classified according to the orientations of the mechanical loads that it experiences and the 
piezoelectric polarization. In 31 mode, as seen in Figure 4(a), the piezoelectric plate is 
polarized along vertical axis-3 while the applied stress is along the axis-1.  
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Figure 4. (a) 31 mode and (b) 33 mode of piezoelectric energy harvesters 
The constitutive relations for 31 modes are: 
S1 = S11E T1 + d31 E3                                                                                                           (3) 
D3 = d31T1 + ε33T E3                                                                                                           (4) 
In 33 mode, both the polarization and applied stress are along vertical axis-3 as shown in 
Figure 4(b) and the equivalent constitutive relations are: 
S3 = S33E T3 + d33 E3                                                                                                           (5) 
D3 = d33T3 + ε33T E3                                                                                                           (6) 
Equations (4) and (6) explain the proportionality between the induced charge 
displacement to the d31constant and d33constant for 31 mode and 33 mode, respectively. 
Since the d33constant is much larger than the d31constant, the 33 mode is more efficient. 
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Fatigue, stress and temperature significantly affect the life of a piezoelectric 
energy harvester. These properties are dependent on the construction methods and the 
material form. The aging process of the harvester is accelerated by corresponding stress 
applied to the material and should be considered as a cyclically loaded response system. 
The changes in the material tend to be logarithmic with time, thus the material properties 
stabilize with age. Soft piezoelectric ceramics compositions, such as PZT-5H, are more 
susceptible to stress induced changes than the harder compositions such as PZT-5A. 
Maximum temperatures of these ceramics are limited to the Curie point above which the 
harvester becomes de-poled. The application of stress can lower this Curie temperature 
making high stress, high temperature applications challenging. The piezoelectric 
constants for common materials, soft and hard lead- zirconate-titanate piezoceramics 
(PZT-5H and PZT-5A), barium-titanate (BaTiO3) and PVDF, are given in Table 1-2. 
Table 1-2: Coefficients of common piezoelectric materials [15, 16] 
 
Property PZT- 5H PZT- 5A BaTiO3 PVDF 
d33 (10-12 C/N) 593 374 149 -33 
d31 (10-12 C/N) -274 -171 78 23 
k33 0.75 0.71 0.48 0.15 
k31 0.39 0.31 0.21 0.12 
Curie Temp (C) 195 365 120 110 
 
	  13	  
	  
CHAPTER 2 
LITERATURE REVIEW 
Harvesting energy using piezoelectricity is not a new concept. Due to its 
increasing demand and attention, the power generations from such applications have been 
increasing. In 1999, Goldfarb [17] working with lead-zirconate-titanate (PZT), ( the same 
type of piezoelectric material used here) found that in certain configurations, maximum 
energy could be generated when the piezoelectric transducers were forced at frequencies 
in orders of magnitude below their mechanical resonance frequency. This was 
encouraging in the formulation of this thesis, as the device used here is made to vibrate in 
the order of 10 Hz as an entire system, while the resonant frequency of the transducer 
apart from the entire device is in the order of 100Hz. 
 
In 1998 Ocean Power Technologies (OPT) developed a power generating 
technology that focuses on the generation of electrical power from the flow energy of 
water in streams, currents, or pipes [18]. Their aim was to use this energy-harvesting unit 
to supply electrical power that enables small military devices to have an indefinite life 
when operating in a site with a flowing water energy resource. The generating systems 
that were developed were aesthetically designed as eel-like structures made from 
piezoelectric polymers. 
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Figure 5. Four passive eels in a vertically stacked formation (Taylor G.W. et.al. (2001) – Ocean 
Energy Generating Eel) 
 
The team also utilizes different material thicknesses of polyurethane and PVDF 
and employ different adhesives and waterproofing techniques along with varying designs 
to improve vortex formation which includes shapes of the bluff body and the distance 
between each consecutive eel. 
One of the first innovative types of piezoelectric wind generators involved 
Priyaet.al (2005) who designed a piezoelectric windmill with ten piezoelectric bimorphs 
in the cantilever form. Wind rotates a table fan that generates a torque intern moving the 
windmill and transducers oscillate between stoppers (see Figure 6) [19]. Their research 
proved a 7.5mW power generation at a wind speed of 4.5m/s, across optimum load 6.7 
kΩ. In another experiment of Priyaet.al (2005), observations showed that output is 
proportional to pre-stress level [20]. 
 
  
RESULTS 
 
 
Early tests in the Princeton University water channel with smaller eels 
showed that the peak frequency ratio, feel/fnat § 1, of eel flapping 
frequency to the natural shedding frequency of the bluff body in front 
of the eel is dictated by the bluff body, indicating that the flapping is 
not a self-excited motion (Allen & Smits, 2001).   
 
Figure 4 shows results from the water tunnel test performed at 
Princeton.  As the Reynolds number increases, the flapping frequency 
tends to “lock in” to the natural frequency of the shedding process. 
Despite locked-in conditions, the larger scale eels tended to display 
intermittent flapping behavior.  In the context of this discussion, 
flapping is said to be intermittent when the eel flapping at the shedding 
frequency for several cycles would stop for a short time before 
resuming at the same frequency.  This intermittency would often result 
when one eel flapped out of phase from its neighbors.  Intermittency 
was also noticeable with a single eel. 
 
 
   
 
 
Figure 5: Four passive (shim stock) eels in a vertically stacked 
configuration.  Spacing between eels was 7.5 cm.  Eels are 15.25 cm in 
height and 1.2 meters long.  Flow is from right to left in this image. 
 
 
 
 
The top and bottom eels exhibited the most irregular behavior and 
disrupted the remaining eels’ motion.  Thus the two extreme eels were 
removed and tests proceeded with only four stacked eels.  The four eels 
flapped in a more synchronized manner.   The erratic behavior of the 
two extreme eels was attributed to a loss of spanwise vortex shedding 
coherence, where vortex shedding is not phase-locked along the entire 
body length.  Such loss of spanwise shedding coherence has been 
attributed to end effects and other phenomenon, such as cellular 
shedding and wake three-dimensionality, for circular bluff bodies 
(Hammache & Gharib 1991; Prasad & Williamson 1997).   
 
 
Figure 4: Flapping frequency normalized by shedding frequency as a 
function of increasing flow speed (Allen & Smits, 2000).   
  
 The vortices shed off the leading body force the membrane to bend, 
creating local strain in the membrane.  The eel flapping was captured 
on video and digitized to generate the shape profiles.  Typical shape 
profiles are indicated by the red line in figure 6.  The shape was 
digitized and fitted with a sixth order polynomial for use in predicting 
the maximum strain energy available in the membrane.   
 
In the current investigation, tests were performed with the mechanical 
shim stock eels in a vertically stacked configuration.  A photo of four 
stacked eels in the test facility is shown in figure 5.  The bluff body 
extended 2 meters under the water surface.  Initially six eels, 15.25 cm 
tall, were stacked vertically with 7.6 cm separation between eels.  This 
separation was necessary to avoid the eels interfering with each other 
when the flapping became intermittent.   
 
The 1.2 meter long, 7.6 cm wide eels tethered 5 cm aft of the bluff 
body, tended to be least intermittent at 1.0 m/s. Speeds below 1.0 m/s 
resulted in intermittent flapping at lower frequencies than seen at        
1.0 m/s, corresponding with the frequency of vortex shedding from the 
bluff body; however, at these speeds, the eels did not flap consistently.  
At 1.0 m/s the eels maintained a predominately horizontal attitude and 
the Strouhal frequency of the eel flapping, based on the bluff body 
diameter, was about 0.15.  This was consistent throughout testing and 
consistent with values reported by Allen & Smits (2001). 
 
When tested at the design flow speed of 1 m/s, the six eel stack did not 
perform as expected, with the top- and bottom-most eels flapping in a 
vertical fashion as well side-to-side.  The passive (shim stock) eels 
were slightly negatively buoyant and their trailing ends tended to sag at 
low flow speeds resulting in flapping that was occasionally not well 
correlated between the eels. 
 Paper No: 2002-JSC-265 A.H. Techet Page: 3 of 6 
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Figure 6. Schematic of piezoelectric windmill (left), variation of power with respect to frequency 
and load (right) [19]. 
 
Li et.al (2009) proposed two innovative designs to harvest more energy which 
mainly comprises of a polarized PVDF stalk, a plastic hinge and polymer leaf [21]. The 
research considered the power of volatile wind strength and designed a horizontal PVDF 
stalk of which one edge is clamped to the bluff body (leaf) and the other edge was kept 
free. When this design comes in contact with the wind, it leads to aero-elastic instability 
and the fluctuating pressure causes vortices that are shed perpendicular to motion, thus 
creating vibrations. These vibrations seem as though a leaf of a tree is moving through 
the bending force and moment of PVDF stalk. As the horizontal design allows only one 
mode of vibration, the research group decided to change the orientation to a vertical-stalk 
L-type. In this vertical orientation the PVDF stalk twists as well as bends generating 
more charge across the polymer surface. 
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On the other side, rotary types of piezoelectric wind generators are developed. Priya et. all (2005) designed a 
piezoelectric windmill with ten piezoelectric bimorphs in the cantilever form, wind rotates the fan and generated 
torque moves windmill, so transducers oscillate between stoppers (Fig.5) [10]. At 10 mph speed, power of 7.5 
mW had been obtained across optimum load 6.7 kΩ. They proofed that maximum power can be obtained at 
optimum load which is given at Eq.2. In another experiment of Priya et. all (2005), observations showed that 
output is proportional to pre-stress level [11]. Also, as number of bimorph is increasing, obtained output voltage 
is also increasing while matching load decreases.  
  
Figure 5. Schematic of piezoelectric windmill (left), variation of power with respect to frequency and load 
(right) [10]. 
!!"#$!"# = !! + 1!"# !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3)!!!!! 
Results of Yoo et. all (1997) showed that resonance frequency has increased with the decrease of vibrating plate 
length [14]. So by the arrangement of the length of the plate, resonance frequency can be obtained. Deflection 
increases with the increase of length of piezo-ceramics and decrease of plate length. Phosphor copper shows 
good elastic property, high young’s moduli and density.  
Chen et. all (2007), studied the electrical power generated out of AC type wind input and simulated the vertical 
type wind generator outputs under residue wind flow [9]. They put the lower electrodes on copper with a 
piezoelectric density of 7600!!"/!!. For characteristic area of 0.006! ! and in wind speed of 14!! /!, 
efficiency is around 60% with the resulted output 6.96!  and since 90% is mechanical loss, 0.464! could be 
delivered to vertical type generator. While simulations showed 10!!"output power, overall efficiency of 
piezoelectric generator can be calculated as 0.003%. 
In the work done by Bryant et. all (2011), two degrees of freedom is utilized by deflection of beam and a 
rotation of a flap about the bearing joint which allows a modal flutter response and so on energy harvesting [4]. 
Experiments showed that above the flutter boundary, limit cycle oscillations are occurring which allows system 
to reach steady state for particular air conditions. Level of energy harvested varies according to the amplitude 
and frequency of the limit cycles and it also depends on the initial condition. The main contribution of this work 
is maximum energy can be reached when the flap and beam are deflecting with 90 degrees phase difference. 
 
Figure 6. Two degrees of freedom beam type wind generator [4]. 
De Marqui et. all (2010), since there is a cancelation of electrical output in the coupled bending-torsion 
aeroelastic mode of a cantilevered piezoelectric wing generator in the continuous mode of electrodes, they 
proposed usage of segmented electrode [20]. This allows harvesting energy in the high frequencies where 
torsion modes are observed on the wing. Larger mechanical amplitudes means more energy harnessing can be 
observed at low damping which can be seen at flutter speed. While shunt damping effect of power generation 
can cause the decaying power generation can be obtained at optimum load resistance in continuous electrode 
case, in any load shunt damping effect can be observed in the segmented electrode case. 
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(a)                                                                        (b) 
Figure 7. (a) Horizontal-Stalk Leaf, (b) Vertical-Stalk Leaf [21] 
Likewise, S. J. Oh et. al(2009) fabricated a tree-shaped design to harvest energy 
by entrenching PVDF’s on leafs and stiff PZT’s on the trunk part of the tree where the 
bending can be realized by strong wind. PVDF’s are embedded on leafs since they are 
less stiff [22]. The group also intended on a hybrid system combined with solar panels 
adhered on the face of the leaf, allowing generation even on day when no wind is present.  
Figure 8. Leaf portion of the tree-shaped system             Figure 9. Complete tree-shaped prototype 
It could make a simple hybrid system combined
with solar by adhering a flexible solar cell on the
front side of the leaf. This would allow the system
to produce power even on a windless day. In
addition, a compact flower-shaped wind turbine
could be integrated to produce power in a more
conventional way.
3.4. Circuit construction
The power produced by PVDF and PZT (as
applied) was not enough to directly drive any
electric devices. To resolve this, a certain storage
medium was required such as a rechargeable
battery capable of storing electricity.
A more sophisticated control circuit construc-
tion is necessary to charge the battery capable of
rectifying and amplifying the output signal from
piezoelectricity materials.
Figure 9 shows a simple Whitstone bridge
circuit in link with an oscilloscope was cons-
tructed in this study to measure and analyze the
signal outputs from various components of the
system.
4. RESULT AND DISCUSSION
4.1. Voltage-wave of PVDFs connected in parallel
Measurements were made on the open-circuit
voltage of 10 PVDF films connected in parallel
subject to a uniform flow of wind generated by an
electric fan. It was to simulate a condition where
the leaves and branches of a real tree being
disturbed by constant gentle streams of air in
reality. For simplicity, the incoming winds were
directed to perpendicularly strike these power-
generating elements as much as possible.
Open-circuit voltage is the difference of elec-
trical potential between two terminals of a device
when there is no external load connected, i.e. un-
der this conditions there is no external electric
current between the terminals.
Two different cases were tested concerning the
direction of wind: (case 1) wind blows from the
sideway and (case 2) wind blows from the front.
Figure 10 shows the output wave patterns for
case 1, whereas Figure 11 corresponds to case 2.
The maximum voltage measured was 71.0V for
case 1 and 71.2V for case 2, respectively.
Figure 7. The portion of tree-shaped wind power system
using PVDF, which comprises a leaf.
Figure 8. A prototype tree-shaped wind power system.
Figure 9. A simple circuit constructed to monitor power
generation from the system.
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Novel researchers like Robbins et.al [23] harvest electrical energy from wind 
using flag-like membranes. The flapping of the membrane caused by the wind induces 
bending stresses, which generate a voltage across the surfaces of the material with its 
respective piezoelectric properties. They proved this using a simple homemade suction 
wind tunnel and a unimorph (one of the two layers removed) PVDF ceramic and were 
able to generate and electric power output of 1mW at a wind speed of 5m/s using a 
resistive load matched to the capacitive source impedance. 
 
 
 
 
 
 
Figure 10. Upstroke of PVDF film when exposed to flow – Robbins et. al 
 
Although the above methodology is technically encyclopaedic, low efficiencies of 
approximately 0.03% lead to improving this design by attempting to increase the flapping 
amplitude. Trying to convert the kinetic energy of the wind to elastic energy as efficiently 
as possible by altering the piezoelectric element geometry, use of bluff bodies (see Figure 
11), adding mass to free end of piezoelement and circuit optimization were some 
approaches used. 
 
 
3 
matched to the load requirements such as either DC (for 
example to charge batteries) or 60 Hz AC. 
 
III. INITIAL EXPERIMENTS AND EFFICIENCY 
ESTIMATES 
 
     A simple proof-of-concept experiment was carried out 
utilizing a simple homemade suction wind tunnel and a 
unimorph (a bimorph structure with one of the two 
piezoelectric layers removed). The nonpiezoelectric core was 
formed from multiple layers of 8.5"X11" overhead 
transparency sheets (approximately 50 microns thick). A 
single PVDF layer or unimorph 10 inches long, 7 inches wide 
and 0.002 inches was affixed to the core. The layers were 
glued together with spray-on adhesive. Insulated wire 
normally used for wire wrap applications was used for 
electrical connections to the outside world. These connections 
are visible in the photographs of Fig. 3.  
 
   
(a) 
   
(b) 
F ure 3. Flapping of a PVDF unimorph showi g he 
upstroke (a) and downstroke (b). The air enters the tunnel 
from the right through the slits defined by the white cardboard 
panels partially blocking the tunnel entrance. The vortices 
generated at the edges of the cardboard panels as well as the 
cylindrical e l ancho  may contr bute to the flapping of  the 
unimorph. 
 
     At a wind speed of 5 m/s, the piezoelement generated an 
open circuit voltag  f 40 Vrms a  a frequency of 5 Hz. Two 
sequential pictures of the flapping unimorph are shown in Fig. 
3. The electrical power delivered to a resistive load matched to 
the capacitive source impedance of the unimorph was 
approximately 1 mW.  
 
 
     The overall efficiency of the system can be expressed as [5] 
 E
f
 = 
! 
P
pdU
3
A /2
 = E
f1
E
f2
E
f3
 (1) 
where P is the electrical power out, U is the wind velocity, ρa 
is the air density, A is the effective wind energy capture area 
of the piezoelement, E
f1
 is the aerodynamic efficiency of the 
piezoelement  (mechanical energy stored in the piezoelement 
divided by the input wind energy), E
f2
 is the efficiency of the 
piezoelectric material in converting stored mechanical energy 
into stored electrical energy, and E
f3
 is the efficiency of 
extracting electrical energy from the piezoelement and 
delivering it to a load.  For our preliminary results we 
estimate, E
f1
=1-10% and E
f2
 ≈ E
f3
 ≈ 10%. The uncertainty in 
the E
f1
estimate is due to the difficulty in estimating the 
effective wind energy capture area of the piezoelement. If the 
physical area of the unimorph (70 sq. in. or about 0.05 m
2
) is 
used, the overall efficiency of this initial experiment is about 
0.03%. 
 
     Although the proof-of-concept experiment indicates the 
proposed concept is scientifically sound, the practicality of the 
system is questionable unless the efficiency can be improved. 
The following sections describe methods to substantially 
increase each of the efficiency factors. 
 
IV. INCREASING THE FLAPPING AMPLITUDE 
 
A. Piezoelement Element Geometry 
 
     The first step towards improving the overall conversion 
efficiency is to convert the kinetic energy of the wind as 
efficiently as possible into elastic energy (flapping) in the 
piezoelement and thus increase the efficiency factor E
f1
.   
Simple considerations dictate that there will be an optimum 
thickness for the piezoelement. For a given amplitude of 
flapping, the stresses generated in the flapping element 
become larger as the distance from the neutral axis of the 
element increases. [5] Hence placing piezoelectric materials 
on the bottom and top surfaces of relatively thick flapping 
elements such as illustrated in Fig. 1 will generate the most 
electrical energy.  However at a specific wind speed, overly 
thick elements will be too stiff to flap with any appreciable 
amplitude resulting in small strains being developed in the 
piezoelectric materials and thus low electrical power 
generation. 
 
     The optimum thickness for the piezoelement will depend 
on the elastic properties (Youngs modulus) of the material 
from which the piezoelement is made and its dimensions 
(length, width, and thickness) and the wind speed. A simple 
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Figure 11. Use of a cylindrical bluff body to increase flapping frequency - Robbins et. al 
Focusing on the use of stiff PZT’s Sun et.al(2013) [24] developed a miniature 
energy harvester using air as the major source based on a flapping cantilevered 
piezoelectric beam. In this case the bluff body was an airfoil that was simulated using 
ANSYS CFX and assessed for differed angles of attack, lengths of the cantilevered beam 
as well to estimate the lift force the wing would experience. They quickly realized that a 
large lift force on the wing would provide a relatively low threshold wind speed, and 
configurations should be considered that would adhere to this type of wind speed. Figures 
12, 13 and 14 show the experimental setup and maximum values of the lifting force and 
different angles of attack. They also indicate lower threshold wind speed, which occur at 
distances from 3 mm to 10 mm and heights from 18mm to 21mm and attack angle from 
5°-8°. After performing wind tunnel tests the team was able to generate power output in 
the order of a few μW with a maximum open-circuit voltage of 1.32V [24]. 
 
 
 
4 
approach for a baseline design for the piezoelement is 
summarized below which can be then modified based on 
experimental results.  A linear analysis of the on-set of the 
Kelvin-Helmholtz instability (the threshold of strong flapping) 
indicates that the piezoelement will begin to flap strongly at a 
wind velocity given by [8] 
 
 U
crit
 = (2.5 L) (2πf
1
)    (2) 
where L is the length of piezoelement in the direction parallel 
to the wind and [10] 
 (2π)f
1
 = 
! 
3.5
L
2
Yh
2
12"pz
   .  (3) 
The frequency f
1
  is the mechanical resonant frequency of the 
cantilevered piezoelement. In the equation for f
1
, Y is Youngs 
modulus for the material from which the element is made, h is 
the thickness, and ρ
pz
 is the mass density (kg/m
3
) of the 
material. 
  
     The speed of the wind is random and highly variable both 
respect to time and location. A logical choice for the wind 
speed for baseline design purposes is the average speed U
av
 
for the site where the system is to be installed. The average 
wind speed in Minneapolis, MN where this project will be 
done is typically 4.5 meters/sec at typical building top heights. 
[11] For purposes of illustration, we will consider a length L 
of 0.25 meters for a baseline design. For example sheets of 
PVDF are available in maximum lengths of 10 inches or 0.25 
meters. Using published values [12] for PVDF of Y = 3x10
9 
J/m
2
 , ρ
pz
 = 1800 kg/m
3
, and setting U
crit 
= 4.5 m/sec, the 
thickness of the piezoelement should be h = 0.7 mm. The 
frequency of flapping for these dimensions and wind speed 
would be 5f
1
 = 3.1 Hz. This example piezoelement is nearly 
identical to the one used in the proof-of-concept experiment 
discussed earlier and the calculated flapping frequency of 3 Hz 
is comparable to 5 Hz observed in the experiment. 
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Figure 4. Use of  bluff bodies to generate vortices to enhance 
the flapping amplitude of the piezoelement. Both a standard 
bluff body (solid line ) and an arrangement (dotted lines) to 
implement a slit or jet similar to the arrangement of Fig. 3 are 
shown. 
 
 
B. Use of Bluff Bodies 
 
     A measure to employ for increasing the amplitude of the 
flapping and thus the electrical generation efficiency is the use 
of an upwind bluff body as shown in Fig. 4. The bluff body 
will form vortices as indicated in the figure and these vortices 
may increase the flapping amplitude if the vortex shedding 
frequency (f
s
 = 0.2 U/D)  of the bluff body approximately 
matches the flapping frequency of the piezoelement. This was 
done in experiments with PVDF bimorphs in flowing water 
and found to be effective in enhancing the flapping amplitude. 
[5,6,7]  
 
     In order to study the efficacy of using a bluff body, we 
have developed a high resolution imaging system to 
quantitatively measure the flapping motions of a piezoelement 
in a wind tunnel. Figure 5 shows the basic experimental setup 
and Fig. 6 shows examples of some preliminary 
measurements. Detailed studies of the use of bluff bodies are 
currently in progress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Wind tunnel arrangements to monitor the flapping 
piezoelement. The hot wire probe interfaced to a laptop 
computer using LabView software  records wind speeds and 
vortex frequencies. A digital high speed camera (Photron, not 
shown) records the detailed movements of the piezoelement. 
 
C. Adding Mass to Free End of Piezoelement 
 
     Adding mass to the free end of the piezoelement is also 
being explored. A preliminary experiment was performed in 
which the wind speed was held constant (15 mph) and 
increasing amounts of mass, in the form of small diameter 
wood dowels, were affixed to the free end of the 
piezoelement.  With no mass on the fr e end, th  piezoelement 
flapped weakly and generated only a modest voltage. Adding 
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                     Figure 12. Experimental setup of flapping generator 
 
 
 
 
 
 
Figure 13. Lift forces varying with distances and heights of bluff body 
 
 
 
 
Figure 14. Lift forces varying with angles of attack  
 
 
 
 
 
 
wind speed of the device. Since the consequence that a large lift force acting on aerofoil will provide a 
relatively low threshold wind speed, configurations generating larger lift force should correspond with 
those having lower threshold wind speed. The simulation parameters to be studied included the 
distance from the cantilever, the height of the bluff body, and the attack angle of the aerofoil. Results 
from different configuration arrangements were compared and plotted using ANSYS commercial 
package for Design Optimization. Figure 2 and 3 show how the lift force changes with the position of 
the bluff body and the attacking angle respectively. As seen in these figures, the maximum values of 
the lifting force, which indicate lower threshold wind speed, occur at distances from 3 mm to 10 mm 
and heights from 18mm to 21mm, and attack angle from 5°-8°. These results will be compared with 
the experimental results in the later s c ion. It should be noted that simulation in this section was 
purely on mechanical structure and the transducer was not taken into account. 
  
 
 
 
 
3.2.  Fabrication Process 
A prototype of the wind harvester, with the volume of 37.5 cm3 in total is shown in figure 4. Both the 
base of the generator and the bluff body were made of acrylic. The cantilever was made of type 304 
stainless steel and had dimensions of 30 mm × 5 mm × 0.08 mm. The wing, made of balsa wood, was 
an aerofoil with shape of profile NACA 4424 whose dimensions were 30 mm × 11 mm × 5 mm. The 
overall mass of the wing was 0.25 grams. The piezoelectric transducer was fabricated by normal thick-
film screen printing steps including paste preparation, screen-printing deposition, drying, firing and 
poling process [8]. After printing, samples were poled using a hot plate at 225 °C and an applied 
electric field of 3.5 MV/m. Finally, 6 samples that achieved maximum piezoelectric property d33 of 
130 pC/N approximately were selected for testing. 
3.3.  Experimental Work 
Tests were carried out in the centre of a wind tunnel, where the air flow generated by a centrifugal fan 
was conducted by a steel air duct of approximately 2 m in length. Another transparent dust was 
connected to the steel duct so that oscillation of the harvester can be observed during the test. The 
cross section of the opening window was 20 cm×35 cm. Some small holes in the ducting allowed for 
an anemometer probe to be inserted measuring the flow speed. The anemometer has a 2% precision 
error. Airspeed can be adjusted by the fan using a controller, which allows tests from 0 to 8 m/s. Since 
the speed level of air turbulence changes slightly at different position in the wind tunnel, the harvester 
was placed near to the end of the steel duct where the air flow is most steady. During the tests, the 
voltage across a load resistance was measured with an oscilloscope in order to determine the power 
generated by the wind energy harvester, meanwhile the operation wind speeds of the harvester were 
measured by the anemometer. 
Figure 2. 3D bar chart of the lift force with 
different heights and distances from bluff 
body. (Attack angle of 5º is taken as an 
example.) 
Figure 3. Lift force at different attack angles 
with the same height and distance. (Distance of 
28 mm and height of 15 mm is taken as an 
example.) 
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3.5 m/s due to the low piezoelectric strain coefficient of flexible materials. A device by Bryant and 
Garcia [6] used a cantilevered piezoelectric bender based on aeroelastic flutter vibrations which 
showed a minimum threshold wind speed lower than 2 m/s. However the bender was over 25 cm long 
which was too large for microelectronic systems and the efficiency at small scale was unclear. Zhu et 
al [7] proposed a promising flow-induced energy harvester using oscillatory cantilevered wing that 
can operate at wind speeds as low as 2.5 m /s with a corresponding electrical output power of 470 µW. 
When the wind speed was 5 m/s, the output power was 1.6 mW. 
Most researchers reviewed above have investigated airflow induced energy harvesters with 
electromagnetic transducer or piezoelectric transducer made from flexible materials such as PVDF. 
This paper report an oscillating airflow generator utilizing screen printed PZT materials. The strategy 
in this work lies in building the harvester with an optimum structure for a wider air speed range for 
operation. To do this, both computational simulations and experiments are carried out. Final the test 
results of the prototype are presented and discussed.  
2.  Theory 
The wind generator presented here is based on oscillations of a cantilever that faces the direction of 
the airflow. An aerofoil is attached to the free end of the cantilever spring while the other end is 
clamped as shown in figure 1. If there is no wind, the aerofoil will slightly bend downward due to 
gravity. When air is flowing towards the aerofoil, it will bend upward and the degree of bending is 
related to the spring constant, mass and the lift/drag force form the aerofoil caused by the flow. In this 
condition, however, the cantilever will remain still with a static deflection without oscillation. In order 
to oscillate the cantilever, a bluff body is required to be placed in front of the cantilever which reduces 
the flow of air behind the bluff body and thus the lift force, causing the cantilever to operate primarily 
under inertial effects and spring back. However when the cantilever is springing back to the original 
position where the aerofoil can be fully exposed to the airflow again, energy can be extracted from the 
wind and the cycle is repeated. Such a configuration can self-start and sustain the necessary 
oscillations under uniform and steady flow conditions. In addition, this device can potentially operate 
at a lower flow speed. By attaching the aerofoil to the free end, the deflection of the beam can be 
larger and its performance can be better tuned for various flows. The position of the bluff body, both 
its distance to the cantilever and its height affect the oscillations of the cantilever. 
 
 
 
3.  Design and Fabrication 
3.1.  Simulation Model 
To assess the effect of the bluff body and the attack angle of the aerofoil, series of finite element 
simulations were conducted using ANSYS CFX. For simplification, a static analysis model was set up 
to estimate the lift force applied on the wing, which was used as a guide to determine the threshold 
Figure 1.  Operation principle of the flapping generator.  
	  20	  
	  
 
Literature also suggests the use of different types of bluff bodies that allow vortex 
shedding and intern oscillations that can be used to strain piezoelectric generators to 
achieve power. The most common bluff body used because of its simplicity is the 
cylinder. Research done by Akaydin et.al [25] proves that with the use of a cylinder as a 
bluff body and placing a PVDF film in its wake region, produces vortices that are 
periodically shed from the top and bottom of the cylinder causing the sensor to vibrate 
generating electricity (see Figures 15(a) and 15(b)). This approach was able to deliver a 
conversion efficiency of 11%. One drawback of this setup involves the inability to vary 
the characteristic length (in this case the diameter) of the cylinder, which would then 
affect the location of the generator that lies in the flow field. 
 
Figure 15(a). Vorticity contour of approaching vortex  Figure 15(b). Vorticity contour 4.3ms later 
 
 
two different instances. The flow pattern at the first
instance shows the impact of the induced flow by the
approaching vortex on the beam and the resulting stag-
nation region where dynamic pressure is converted to
static which causes the beam to bend downwards. The
flow at 4.6m/s later is characterized by the low pressure
at the core area of the passing vortex, which causes the
beam to bend upwards. Figures 13 and 14 show the
pathlines and vorticity contours at these two instances.
The locations of the vortices are identified by circulatory
zones where the vorticity is high. The stagnating
flow region is clearly shown on the top of the beam in
Figure 13(a), while a vortex is approaching to the
beam. The beam induces a stagnating flow region
which opposes the forcing on the top surface of it.
Figure 13(b) shows the vortex reaching at the top sur-
face of the beam while the bottom is dominated by the
impacting fluid of the induced vortex below. Thus, the
forcing of the beam is produced by two mechanisms
which act in phase and cause the beam to bend in the
same direction: the passing of the low pressure vortex
core on one side and the stagnating flow on the opposite
side of the beam. It is remarkable to observe the simila-
rities between the computational results displayed in
Figure 13(a) and the flow visualization picture shown
in Figure 2, which has been obtained by illuminating
the flow with a thin laser sheet perpendicular to the
axis of the cylinder. Both figures show an instant when
the beam which is bent downwards under the impact of
the vortex induced flow.
Additional information from the computational
results provided in Figure 14(a) and (b) indicates the
existence of a shear layer emanating from the top and
bottom sides of the cylinder. Another shear layer which
starts from the leading edge of the beam extends in the
beam’s lower side and defines the recirculating flow pat-
tern there. The velocity field is shown in Figure 15 while
the pressure contours are shown in Figure 16. It is clear
Figure 13. The pathlines for the flow around the cylinder with the
flexible beam in its wake: (a) at an instant when a vortex is approach-
ing the beam, (b) at an instant 4.6ms later, when the same vortex is
located on the beam’s upper surface. The pathlines are colored by
the absolute value of the local instantaneous velocity.
Figure 14. The vorticity contours for the flow around the cylinder
with the flexible beam in its wake: (a) at an instant when a vortex is
approaching the beam, (b) at an instant 4.6ms later, when the same
vortex is located on the beam’s upper surface. Note that upper limit
of the vorticity is clipped at 4000Hz in order to make the variations
more visible.
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Work done by Bhuyan et. al(2013) uses a D-Shaped bluff body (see Figure 16) 
attached to a cantilever beam which harnesses the piezoelectric element. They aimed for 
this geometry to minimize peripheral components, which would make it ideal to integrate 
into micro-sensors. Benefits of this micro-harvester can be seen as a micro power source 
for sensors monitoring temperature and humidity that operate at a low 1-20μW-power 
requirement range [26]. This micro-harvester was able to produce a 3mW power output 
with an incoming airflow velocity of 1.5m/s [26]. 
 
 
 
 
 
 
 
 
Figure 16. Illustration and setup of the D-Shaped bluff body 
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Only recently there has been focus on constructing entire arrays that could 
potentially be physically integrated with society. J D Hobeck and D J Inman (2012) 
biologically motivated, decided to develop artificial piezoelectric grass that works in a 
deploy-and-forget approach [27].  This lightweight and highly robust array of cantilever 
piezoelectric ceramics when exposed to proper turbulent flow conditions experience 
dynamic vibrations. Preliminary results have shown that a small array of PZT 
piezoelectric grass (see Figure 17(a)) was able to produce up to 1.0mW per cantilever in 
high-intensity turbulent flow having a mean velocity of 11.5m/s [27]. Experimental 
validation was also done using PVDF as generators. From an application perspective, the 
PZT harvester produced nearly 1000 times the output for approximately ten times the 
cost compared to the PVDF harvester (see Figure 17(b)) [27]. However, when 
considering long-term deployment in an uncontrolled environment, the soft, flexible 
PVDF design is much less susceptible to damage than the brittle PZT design. 
 
 
 
 
 
          
Figure 17(a). PVDF grass                                     Figure 17(b). PZT grass 
 
Smart Mater. Struct. 21 (2012) 105024 J D Hobeck and D J Inman
Figure 2. Photograph of inline harvester arrays for both (a) type-1 and (b) type-2 piezoelectric grass harvester prototypes.
Table 1. Summary of design parameters for harvester array elements. (Note: there are several more layers than those listed below for both
the PVDF and QuickPackTM products used in this study. It was found that the added mass and stiffness of the omitted layers had negligible
effects on the final results.)
Harvester Layer Material
Length
(mm)
Width
(mm)
Thickness
(µm)
Type-1 Substrate Mylar 72.60 16.20 178.00
Piezo Piezo film 62.00 12.00 30.00
Type-2 Substrate Steel 101.60 25.40 101.60
Piezo PZT wafer 45.97 20.57 152.40
3.3. Turbulence measurement
The existing static and pitot tube pressure sensors installed
in the wind tunnel lacked the bandwidth and sensitivity
required to make accurate spectral measurements of turbulent
flow. Hotwire probes provide excellent bandwidth; however,
their accuracy suffers greatly in elevated turbulence intensity
levels. For example: a typical single sensor hotwire probe has
significant measurement error in turbulence intensities greater
than 25% [25]. It was required that measurements be made
in turbulent flow having an intensity well above 25% where
large vortex structures and reversing flows were expected;
thus, hotwire anemometry could not be used. According to
the literature, the use of pressure probes has proved to be
an effective means of performing spectral measurements in
high-intensity turbulence; therefore, the authors decided to
adopt this approach [26–30].
Two high-sensitivity pressure probes were designed and
built to measure low-velocity, high-intensity turbulent flow.
Each probe consisted of a differential pressure sensor enclosed
such that one port was extended and exposed directly
to oncoming flow while the other was isolated within a
breathable membrane as illustrated in figure 3. This membrane
acted as a filter for the static port to insure that the fluctuating
pressure component was measured at the dynamic port only.
The pressure sensor in each probe had a differential range
of ±249 Pa with a dynamic response time of <100 µs
(All Sensors Corp. model 1-INCH-D-MV). Each probe was
designed to have a bandwidth capable of measuring pressure
fluctuations associated with the second bending mode of the
Figure 3. (a) Schematic and (b) photograph of pressure probe used
for measuring high-intensity, low-velocity turbulence.
harvesters to be tested. This bandwidth design criteria was
set based on observations that showed no significant power
contribution from higher modes.
A Dantec 55M01 main unit along with a type 55M10
constant temperature anemometer bridge was used for
low-turbulence-intensity spectral measurements. The hotwire
probe used was a TSI Model 1201-6 single sensor element.
A SiglabTM data acquisition unit was used to sample and
store the time-series sensor voltages at a rate of 12.8 kHz.
Digital data filtering was performed using a lowpass,
fourth-order Butterworth with a cutoff frequency of 2.24 kHz.
6
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Most recent work by Moon and Kluger [28] utilizes a design, which consists of an 
array of rectangular shaped foam bluff bodies attached to flexible PVDF piezoelectric 
transducers (see Figure 18). Parameters such as the cantilever thickness, length, and blunt 
body shape affect the oscillator stiffness, damping, and galloping aerodynamic 
coefficient, which, in turn, affect its frequency and amplitude [28]. Due to limited array 
space i.e. the number of oscillators that can fit in a given area is directly responsible for 
the difference in amplitude and oscillator power. Her current research provides us with 
shape optimization of the bluff body geometry that minimizes hysteresis, minimizes the 
critical wind speed, and maximizes power output [29]. 
 
 
 
 
 
 
 
 
 
Figure 18. Emeritus Francis Moon and Jocelyn Kluger –Vibro-Wind Energy Project (2013) 
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CHAPTER 3 
MATHEMATICAL MODELING 
 
3.1 Design Study 
 A quasi-experimental study was used to determine how much power could be 
harvested from airflow using a piezoelectric bending actuator. The exploratory nature of 
this study and the small sample size made statistical inference less practical. Therefore, 
the quasi-experimental study method was chosen. In a study of this type, null and 
alternative hypotheses are set, but the hypothesis is selected at the end based not on 
statistical analysis, but on what the individual results of the study show [15]. 
3.2 Around-body flow patterns and vortex-induced vibration 
According to Matsumoto (1999), the vortex shedding around bluff bodies can be 
classified by some following kinds: 
1) Kármán vortex shedding (focus of this thesis), 
2) Symmetrical vortex shedding in two-shear layer, 
3) Vortex shedding associated with 1 shear layer instability, 
4) Axial vortex shedding  
5) Tip vortex shedding 
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3.3 Von Kármán Vortex Shedding 
This thesis focuses on generating vibrations using transient flow, which can be 
chaotic in nature. This deterministically means that many frequencies exist. However, the 
maximum power output may be obtained at the resonant frequency and it is beneficial to 
excite the piezoelectric element at this resonant frequency. One approach to achieve this 
resonance is to induce the phenomenon of Von Kármán vortex shedding. Vortex 
shedding can be defined as the periodic detachment of pairs of alternate vortices that 
appear in the wake of the bluff- body immersed in a fluid flow. The oscillating wake 
generates Von Kármán Vortex Street (see Figure 19) behind the bluff body causing 
fluctuating forces to be experienced by the object [30]. These alternating vortices create a 
low pressure towards the downstream side of the object inducing a force that displaces 
the body in a direction perpendicular to the flow. 
 
 
 
 
 
 
Figure 19. Vortex Street behind a circular cylinder transverse to the mean flow (Blevin, 1977) 
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Most literature use circular cylinder bluff bodies as a yardstick for shedding 
frequency modeling, as it is elegant and simple. Modeling methods using circular 
cylinders will be discussed to understand the basics of vortex - induced vibrations and 
will then focus on this research thesis that uses inclined plates as bluff bodies. 
The diameter of a circular cylinder needed to produce vortex shedding of a certain 
frequency is given by [44]: 
                                           D = {0.198 * [1 - (19.7 / Re)] * U} / ƒs,                                 (7) 
Given that: 
                                                       Re = (U * D * ρ) / μ,                                                  (8) 
Equation (7) then becomes 
                                           D = (0.198 * U) / [ƒs + (3.9006 * μ) / ρ],                               (9) 
 
3.4 Strouhal Number 
 
Strouhal number is the dimensionless proportionality constant between the 
frequency of vortex shedding and the free stream velocity divided by the characteristic 
length of the bluff body. The Strouhal number is given by: 
                                                 St  =fs D / U,                                                       (10)     
                                                         or, 
                                                fs  = St D / U,                                                       (11) 
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The Strouhal number depends on:  
1) Reynolds number 
2) Shape and dimension of body and 
3) Wind velocities 
4) Attack angles 
Their effects are as follows: 
1)  Reynolds Number: Strouhal number  or  in certain range of Re 
2)  Dimension D: Stouhal Number  
3) Velocity U: Strouhal Number  
4) Change of attack angle: Strouhal number  
 
It should be noted that for the case of circular cylinders the Reynolds number in 
some cases could influence the Strouhal number. In figure 20 the Strouhal number seems 
to stay constant in a certain range of Reynolds number between 1.5x102 and 1.5x105 [32]. 
 
 
 
 
 
Figure 20. Effect of Reynolds number on Strouhal number for 2D circular cylinder [Blevin, 
(1977)] 
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3.5 Modeling of Vortex Induced Vibrations for Cylinders and Inclined Plates 
Vortex induced vibrations response models for cylinders will be reviewed in this 
section. Starting with a simple linear harmonic model that does not include feedback 
effects following with synthesis of data and pre-modeling techniques. Finally vortex 
induced vibration using inclined flat plates, as bluff bodies will be examined. Non-linear 
responses will not be studied as it exceeds the scope of this thesis.  
3.5.1 Harmonic Model 
Vortex shedding can be approximated as a harmonic process and therefore it is 
reasonable to model the lift force as sinusoidal in time with the shedding frequency. The 
lift force can be calculated by [32]: 
                                               𝐹! = !! 𝜌  𝑈!𝐷  𝐶!  𝑠𝑖𝑛  (𝜔!𝑡),                                              (12) 
To simulate these induced vibrations we write the equation of motion of a spring 
mounted, damped, rigid cylinder (see Figure 21). Note that the cylinder is restrained to 
move perpendicular to the incoming flow. This equation can be written as: 
                                   𝑚𝑦 + 2𝑚𝜉𝜔!𝑦 + 𝑘𝑦 = !! 𝜌  𝑈!𝐷  𝐶!  𝑠𝑖𝑛  (𝜔!𝑡),                            (13) 
A solution using a sinusoidal steady-state response can be given by: 
                                                                             𝑦 = 𝐴!sin  (𝜔!𝑡 +   𝜙),                                                 (14) 
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Figure 21. Single mode of vibration of rigid cylinder 
Substituting this equation into Eq. (13), the resulting expression is [33]: 
                             !  ! = !!!  !!!  !!!"#  (!!!!  !)! [!! !!!! !]!!(!!!!!!)!,                                      (15) 
The excitation is maximum when fs= fy i.e. when the shedding frequency is equal 
to the natural frequency of the cylinder. This condition is also well known as resonance. 
The phase angle shifts by 180 when the cylinder passes through this resonance regime. 
Therefore,  using Eqs. (14) and (15) the resonant vibration amplitude can be calculated 
as: 
                                      !!! = !  !!!!!!"  ,                                                  (16) 
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As the shedding frequency is dependent on the Strouhal number we can introduce 
this through a small change in Eq. (16) that becomes: 
                              !!! = !!!!!!!!!,                                           (17) 
                                                        and, 
                              𝛿! = !!"#!!!                                                       (18) 
Consequently, knowing the input parameters, such as, the characteristic length, 
density of the fluid, fluid velocity, spring constant, damping factor and measurements of 
vortex-induced induced coefficients (can be found using existing literature [32]), one can 
calculate the amplitude of vibration. 
3.5.2 Synthesis of Data and Pre-Modeling Techniques 
 For more complex structures these evaluations are done on a mode-to-mode basis. 
This modeling technique works well when there is sufficient experimental data and all 
non-dimensionalized parameters predictions can be made through this extensive 
collection. The following flowchart (Figure 22) explains a simple procedure that can be 
followed to predict amplitudes for simple, complex and for this thesis inclined plates. 
Note that the energy generating system here operates only in its first mode of vibration 
and the flowchart is simplified to match this criterion. For more complex structures such 
as rectangles, squares, bridge decks and so on the modified flowchart can be found in 
literature [32]. An ingenuous MATLAB program can be found in APPENDIX A and can 
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be used to sample predict amplitudes for such structures. 
 
Figure 22. A flow chart for determining amplitude in vortex-induced vibration 
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            Figure 23. Lock-in bands for synchronization of vortex shedding [Blevins, 1977] 
3.5.3 Inclined Flat Plate Modeling 
It is well recognized that the flow in the wake of a two-dimensional cylinder 
exhibits vortex-shedding characteristics even at moderate and high Reynolds numbers. A 
large number of both experimental and numerical studies of flow past circular cylinders 
have been carried out [32]. The flow around other cross-sectional shapes, such as square 
cylinders, flat plates, and airfoils, also provide considerable interesting flow mechanisms 
(see Figure 24 [32]). A great feature of these inclined flat plate bluff bodies are the 
different angles of attack that have a substantial impact on the Strouhal number and intern 
the frequency of vortex shedding (see Figure 25 [34]).  
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Figure 24. Strouhal number for non-circular sections 
 
 
 
 
 
 
 
Figure 25. Strouhal number for an inclined flat plate 
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The problem considered here is a flow around a 2D inclined flat plate, as seen in 
Figure 26. The free flow velocity U and the plate width d will be the non-dimensional 
characteristics considered here. These are represented as the following equations: (Note * 
represents dimensional quantities) 
                                              𝑢! = !∗! ,                                                  (19) 
                                               𝑝 = !∗!!!,                                                       (20) 
                                               𝑥! = !!∗! , and                                                    (21) 
                                                                                                            𝑡 = !∗! !                                                         (22) 
 
 
 
 
 
 
Figure 26. Inclined flat plate investigated setup 
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The non-dimensional form of continuity and Navier-Stokes equations are expressed as: 
                                              !!!!!! = 0,                                                          (23) 
                                !!!!" + 𝑢!   !!!!!! = − !"!!! + !!" !!!!!!!!!!                          (24) 
where, the indices i, j = 1, 2, 3 refer to the streamwise (x), spanwise (y), and transverse 
(z) directions of the Cartesian coordinate system, respectively. u is velocity, p is pressure, 
and t is time. The Reynolds number and Strouhal number can be defined using Eqs. (8) & 
(10). The momentum equations are advanced in time by fractional time stepping using a 
second-order Runge-Kutta scheme. This computational modeling approach and similar 
time-step scheme have been used by a number of researchers and developers and it was 
found that the wake was dominated by a train of counterclockwise vortices shed from the 
trailing edge of the plate as seen in Figure 27 [35-43]. They also confirmed comparable 
results by varying parameters like plate width, flow velocity and angle of attack. The next 
chapter will discuss a numerical scheme that utilizes a combination of two inclined plates 
and through experimental analysis proves a system that can successfully generate power.  
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         Figure 27. Computationally gathered vortex shedding patterns past an inclined flat plate 
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observed in our CFD results. In this case of a 
cylinder wake, the fluid force is contributed by 
suction pressure caused by fluid entrainment from 
both shear layers. This is different from the 
mechanism of lift production on an inclined plate 
where the flow separation points are fixed to the 
plate edges and the suction on the plate surface is 
contributed almost entirely by the shear layer 
from the leading edge of the plate. The details 
will be discussed in the next section. 
4. FLOW PAST INCLINED FLAT PLATE 
Computation of flow past an inclined flat plate is 
carried out at four angles of attack, D=20o, 25o, 
30o and 45o. The Reynolds number is 
Re=UfB/Q=2u104, with the free-stream velocity at 
2 m/s and B=15 cm. The Reynolds numbers of 
our previous experimental studies are Re=3u104 
in Lam (1996) and Re=5.3u103 in Lam and Leung 
(2005). At all four values of D, periodic vortex 
shedding is computed. Fig. 3 shows the computed 
vorticity fields at these four angles of attack at the 
instants of maximum and minimum lift. 
Alternating vortices of opposite senses are shed 
from the plate in the form of a vortex street. The 
sizes of the wake, vortices and the vortex street  
 
Fig. 3 Computed vortex patterns of flow past inclined flat plate. Angle of attack, D: (a) 20o; (b) 25o; (c) 30o;  
(d) 45o. Left panels: maximum upward lift; right panels: minimum lift. Velocity vectors and contours of 
non-dimensional vorticity shown at ]c=]B1/Uf={±0.2, ±0.5, ±1, ±2, ±3, …}. 
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CHAPTER 4 
COMPUTATIONAL, STRUCTURAL AND EXPERIMENTAL SETUP 
4.1 Computational Setup 
The current study uses a combination of two inclined plates as the bluff body 
(Figure 28) and a PZT type piezoelectric energy harvester. The frequency of vortex 
shedding and resulting vibrations are controlled by varying the angles of the inclined 
plates. The incoming air velocity and the cross-sectional area of the bluff body mostly 
influence the vibration amplitude. The development of this bluff body requires the 
investigation of 4 adjustable parameters. They are lengths of the bluff body L1 and L2 
and angles A1 and A2 (see Figure 28). 
Figure 28. Piezo and Bluff Body Coupling 
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4.1.1 2-D Setup 
The initial analysis of the proposed resonator designs was done numerically. Two-
Dimensional (2-D) pressure-based models of the resonators were built using ANSYS 
FLUENT as the governing software. A laminar regime model was selected to predict the 
evolution of the lift forces on the resonator. Air was chosen as the working fluid 
considering all its standard properties. Figures 29, 30 and 31 show the computational 
domain, boundary conditions, and the mesh density. A total of 8312 cells were used in 
the whole domain. In the vicinity of the resonator, triangular elements were used to 
facilitate sufficient mesh density. Quadrilateral elements were used elsewhere to keep the 
mesh structured near the inlets, outlets and walls. A high mesh density is required at the 
boundary layer (in the vicinity of the body) for accurately modeling the viscous effects 
such as vorticity generation. Second – Order Upwind solution scheme was chosen to 
minimize the accumulation of error constants and the selected time step was 0.005s, 
which is equivalent to approximately 40 steps per vortex shedding cycle.  
          Figure 29. Domain and Boundary Conditions for 2-D Simulation 
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                                         Figure 30. Far Field Mesh for 2-D Simulation 
Table 4-1 Mesh Statistics for 2-D Simulation 
Statistics   
Nodes 8720 
Elements 8312 
 
                    Figure 31. Fine Mesh around Mechanical Resonator for 2-D Simulation 
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Table B-1 (APPENDIX B) shows the different variations of the 4 investigated 
parameters that were tested numerically using the scheme discussed above. After over 60 
simulations the best 14 designs as shown in Table 4-2, were chosen and tested in the 
wind tunnel to confirm the hypothesis. These 14 designs were chosen based on the 
amount of “Energy” they produced numerically. This “Energy” was calculated as the 
product of the square of the amplitude (maximum lift value) and the frequency (FFT of 
the fluctuating lift) and should be considered as a benchmark and not the actual energy 
produced by this combination. Random model numbers are given to these 14 designs and 
should not be mistaken as a ranked performance. The compilation of the lift forces and 
“Energies” will be discussed in the results section of this thesis. 
Table 4-2Parameters for resonator optimization (Length = Meters; Angles = Degrees) 
Model No. L2 L1 A2 A1 
N0.3 0.04 0.12 155 245 
N0.14 0.03 0.06 135 265 
N0.6 0.04 0.1 155 245 
N0.5 0.05 0.11 155 245 
N0.12 0.03 0.07 155 245 
N0.7 0.03 0.1 130 265 
N0.16 0.02 0.06 135 265 
N0.9 0.05 0.07 153 245 
N0.15 0.03 0.05 135 265 
N0.4 0.04 0.12 135 265 
N0.13 0.03 0.07 153 245 
N0.10 0.03 0.08 135 255 
N0.8 0.03 0.1 130 255 
N0.11 0.03 0.08 145 240 
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4.1.2 3-D Setup 
After successful two-dimensional (2-D) simulations of all 14 designs shown in 
Table 4-2, the second stage of the design process was implemented based on optimal 
experimental results that will be discussed in the results section. The best performing 
resonator was further studied with extended 3-D numerical analysis. 3-D analysis 
included the study of any edge effects that might cancel out the useful vibrations. The 
pressure-based model of the resonator was consistently simulated using ANSYS 
FLUENT as the engineering software. A transient flow regime was used to predict the 
variation of the lift force on the resonator. The computational domain, boundary 
conditions, and the mesh density are shown in Figures 32, 33 and 34. A total of 482,267 
cells are used for the whole computational domain. The entire domain was meshed using 
tetrahedral elements and was made finer in the vicinity of the resonator. This meshing 
technique creates a surface boundary mesh that resolves the boundary layer more 
effectively and provides for accurate modeling of the viscous and vorticity effects. Once 
again a Second – Order Upwind solution scheme was chosen to minimize the 
accumulation of error constants and the selected time step was 0.003s, which is 
equivalent to approximately 75 time step solutions per vortex shedding interval. 
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              Figure 32. Domain and corresponding Boundary Conditions for 3-D Simulation 
               Figure 33. Section Plane of Far-Field Mesh of the 3-D Computational Domain 
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Table 4-3 Mesh Statistics for 3-D Simulation 
Statistics   
Nodes 464554 
Elements 482267 
 
                    Figure 34. Fine Mesh around Mechanical Resonator for 3-D Simulation 
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4.2 Structural Setup 
Prior to experimentation it is important to perform a structural analysis of the 
coupled system to determine the viability and the structural stability. This analysis was 
done on the optimized lighter harvester using Dassault Systèmes – ABAQUS. The part 
was created comparable to Figure 28 and then sectioned into two components. The first 
component was the mechanical resonator made of aluminum having a density of 
2.70 g·cm-3, a Young’s Modulus of 70GPa and Poisson’s Ratio of 0.35. The second 
component was the PZT type piezoelectric energy harvester having a density of 7.8 g·cm-
3, a Young’s Modulus of 60-120GPa and dielectric constants consistent with Table 1-2. 
The two structures were then assembled and a linear perturbation frequency time step 
was set to probe Eigen values corresponding to different modes of vibration. The 
components were meshed using tetragonal elements using a bottom-up sweep technique 
for accurate results. Boundary conditions were set so as the free end of the piezoelectric 
energy harvester was clamped avoiding any translation or rotation. This allows the 
system to vibrate freely under all modes of vibration. Figures 35 and 36 show the side 
view and an isometric view of the system. The figures also determine the natural 
frequency corresponding to the first Eigen frequency mode of vibration that this thesis 
focuses on. The natural frequency of this setup was found to be in the order of ~7Hz. 
Experimental Analysis will be used to confirm these simulated results and the respective 
setup is discussed in the next section. 
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                     Figure 35. Side View of the First Eigen Frequency Mode of Vibration 
 
               Figure 36. Isometric View of the First Eigen Frequency Mode of Vibration 
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4.3 Experimental Setup 
4.3.1 A Single Harvester 
The present research uses a tightly coupled system consisting of two parts. First, a 
bluff body, which is a combination of two inclined plates. Second a piezoelectric actuator 
that generates a charge on its surface with an applied stress (see Figure 37). In this 
proposed system one end of the piezoelectric power generator is fixed to the mechanical 
resonator and the other is bolted to an immobilized aluminum beam. The material for the 
mechanical resonator, shown in Figure 38, is ASTM A653 galvanized steel. Due to its 
substantial weight, some parts of the resonator were replaced with light balsa wood. This 
specific material combination was used to perform preliminary trials for the 14 
numerically chosen designs as mentioned in Table 4-2. For the newer optimized design, 
major improvements were made to reduce the weight of the resonator, which resulted the 
resonator being made entirely out of aluminum 7075-T6 sheet and balsa wood as seen in 
Figure 39. A standard Double Quick Mount PZT was chosen as the piezoelectric power 
generator (Fig 40). Due to high stiffness of the piezoelectric power generator, the length 
of the bluff body "neck" was adjusted to increase the bending moment and match the 
locking frequency of the power generator. The mechanical properties of the materials 
used are as follows: 
1. ASTM A653 Galvanized Steel 
1.1. Density = 7.85 kg·m-3 
1.2. Young’s Modulus = 270 GPa 
1.3. Poisson’s Ratio = 0.35 
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2. Aluminum 7075-T6 sheet 
2.1. Density = 2.81 g·cm-3 
2.2. Young’s Modulus = 71.8 GPa 
2.3. Poisson’s Ratio = 0.33 
3. Balsa Wood 
3.1. Young’s Modulus = 3.76 GPa 
3.2. Modulus of Rupture = 20.2 MPa 
4. Piezoelectric Energy Harvester Parameters 
4.1. Part No. = D220-A4-303YB 5A4E 
4.2. Young’s Modulus = 60 - 120 GPa 
4.3. Weight = 2.7g 
4.4. Density = 7.7 - 8.1 g/cm3 
4.5. Stiffness = 364 N/m 
4.6. Resonant Frequency = 160Hz 
4.7. Maximum Power Output at Resonance = 1mW 
  Figure 37. Mechanical Resonator (Steel and Balsa) and Piezo Coupling 
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                   Figure 38. Steel and Balsa Wood Assembly with Piezoelectric Harvester 
 
 
 
 
 
 
 
 
 
 
 
 
               Figure 39. Aluminum and Balsa Wood Assembly with Piezoelectric Harvester 
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                                   Figure 40. Piezoelectric Power Generator (piezo.com) 
 
4.3.2 Array Harvesting 
 After the successful optimization of the single energy harvester, the final step was 
to create an Array and determine the total feasible power production. The Array consisted 
of 8 light single harvesters connected in series. This connection mode was selected with 
the understanding of the summation of voltages and the amplification of current, which 
would deliver the most power. The center row of the Array was supported using an 
aluminum beam, which was bolted directly to the sides of the wind tunnel. The top and 
bottom row were supported using a square aluminum beams. These square beams were 
attached to the glass sides of the wind tunnel using mechanically machined lock-grip 
suction cup lifters. This provided a strong, continuous grip and helped absorb small 
excess vibrations. The complete setup is shown in Figures 40, 41, 42 and 43.  
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                            Figure 40. Computer Generated Isometric View of the Array 
 
 
 
 
 
 
 
 
                            Figure 41. Computer Generated Orthogonal View of the Array 
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Figure 42. Front View of the Assembled Array 
Figure 43. Orthogonal View of the Assembled Array 
4.3.3 Experimental Measurements 
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 Measurements were performed in an Alan-Bradley closed-loop wind tunnel, with 
a test section dimensioned 0.76x0.76x1.8m. As the wind tunnel operates on a motor 
frequency, a standard differential pressure method using a pitot tube was implemented to 
determine the wind velocity using Eq. (25). The velocities measured were between 1m/s 
and 13m/s and are shown in Table 4-4. The individual pressure and velocity 
measurements are shown in APPENDIX C Table C-1 through C-14. A 5-pressure 
measurement per velocity measurement was done to reduce error. A bridge rectifier (four 
Si diodes) was used to avoid phase mismatch of the multiple power generators. As per the 
piezo data sheet specifications, a nominal resistance of 200kΩ was selected and the DC 
power produced across this resistance was measured.  
                                            𝑈 = !∗!!                                                          (25) 
Table 4-4 Measured Wind Velocities from Tunnel Motor Frequency 
Motor Frequency (Hz) U (m/s) 
3 1.44 
5 1.7 
7 2.95 
9 4.18 
10 5.28 
12 6.01 
14 7.01 
15 8.13 
17 9.61 
19 10.45 
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21 11 
22 12.01 
24 12.74 
25 13.41 
  
The piezoelectric energy harvester delivers an AC voltage when deformed using 
the resonator. This incoming voltage is fed directly to the AC acceptor port of the 
rectifier and the positive and negative ends are used to measure the DC output across a 
nominal resistance. This output is calculated using Eq. (26). Figure 44 shows the circuit 
diagram of this setup, which is consistent with a single harvester and the Array. 
                                  𝑃𝑜𝑤𝑒𝑟 = !!!                                                     (26) 
DC power production was measured using an IDEAL Multimeter (see Figure 45) 
for the preliminary 14 designs (Table 4-2) to quickly determine the best performing 
design. These individual measurements are shown in APPENDIX D Tables D-1 through 
D-14. The peak-to-peak voltage was measured over a period of 1 min for all samples at 
different velocity increments (Table 4-4). Note that the actual power output includes the 
addition of an extra 1.2V, which is the drop between the diodes of the rectifier. This was 
done keeping in mind the capacity of this thesis that included a design improvement to 
substantially increase the power production. For the optimized lighter single harvester as 
well as the Array, AC and DC measurements were done using a Tektronix TDS 1002B 
type Oscilloscope for more accurate results as it delivers better voltage and frequency 
capture (see Figure 46). A 20V/Div and 50ms sampling rates were set for effective data 
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collection. The data was gathered and downloaded using OpenChoice TekVISA software 
that allows convenient viewing on any standard windows computer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44. Piezo Input to the DC Power Output Circuit Diagram 
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                                                    Figure 45. IDEAL Multimeter 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure 46. TDS 1002B type Oscilloscope 
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CHAPTER 5 
RESULTS AND DISCUSSION 
 
5.1 Computational Results 
5.1.1 2-D Numerical Results 
 Discussed in the previous chapter was the 2-D modeling technique, which was 
used to investigate the combination of two inclined plates as bluff bodies to create a 
successful vortex shedder. Number of proposed resonator designs showed no vortex 
shedding induced vibrations due to improper length selection of the composite bluff 
body. Figure 47 illustrates the main reason for the lack of the induced vibrations, 
which is the formation of the steady vortex between the inclined plates that inhibits 
variation of the lift force. 
Figure 47. Stable Vortex Formation 
 Thorough analysis and the elimination of unacceptable parameters provides us 
with favourable results that were achieved with variable lengths 30mm<L1<50mm, 
50mm<L2<110mm and angles A1=1350 - 1550 & A2=2450 - 2650 (Figure 28).  
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Samples of successful trials show the lift coefficient on the mechanical resonator 
oscillating harmonically with a shedding frequency of 10Hz as shown in Figures 48 
and 49. 
                                   Figure 48. Lift vs. Time at Air Velocity V = 5m/s 
                                 Figure 49. Lift vs. Time at Air Velocity V = 10m/s 
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 Spectral analysis was carried out using Fast Fourier Transform (FFT) algorithm of 
the entire incoming signal (i.e., duration of 6.5s) using MATLAB. Due the nature of the 
flow, the possible small disturbances in the incoming flow, and the edge effects in the 
wake, this long duration record contains several vortex-shedding frequencies, which were 
slightly different from each other. As a result, broadening of the spectral peak occurs 
which in turn leads to a frequency signal as seen in Figure 50. 
 
 
 
 
 
 
 
 
 Figure 50. FFT Analysis; Magnitude in kg/m  
 
This numerical 2-D analysis specifies a maximum value of the lift coefficient as 
well as its respective shedding frequency. As discussed in section 4.1.1 the numerically 
calculated “Energy” output for the successful 14 designs are shown in Table 5-1 and 
Figure 51. A maximum output of ~245 is produced by Model No. 12. 
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Table 5-1 Numerical Energy Output for Preliminary 14 Designs 
Model No. L2 L1 A2 A1 Freq (Hz) Amplitude Energy  
N0.3 0.04 0.12 155 245 3 0.24 172.8 
N0.14 0.03 0.06 135 265 8 0.044 15.488 
N0.6 0.04 0.1 155 245 2.5 0.25 156.25 
N0.5 0.05 0.11 155 245 3.5 0.2 140 
N0.12 0.03 0.07 155 245 10 0.158 249.64 
N0.7 0.03 0.1 130 265 2.5 0.23 132.25 
N0.16 0.02 0.06 135 265 6 0.18 194.4 
N0.9 0.05 0.07 153 245 4 0.22 193.6 
N0.15 0.03 0.05 135 265 6 0.14 117.6 
N0.4 0.04 0.12 135 265 2 0.26 135.2 
N0.13 0.03 0.07 153 245 4 0.2 160 
N0.10 0.03 0.08 135 255 4 0.16 102.4 
N0.8 0.03 0.1 130 255 2.5 0.24 144 
N0.11 0.03 0.08 145 240 2.2 0.22 106.48 
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                            Figure 51. Bar Graph showing Numerical “Energy” Output 
The sequence of Figures 52 (a)-(e) show the path-lines and vorticity contours and 
illustrates the interaction of passing vortices with the mechanical resonator. The locations 
of the vortices are identified by circulatory zones where the vorticity is high.  The flow 
patterns at the first instance show the impact of the induced flow by the two dominating 
vortices on the resonator and the resulting stagnation region where the change in dynamic 
pressure causes the resonator to start vibrating. The stagnating flow region is clearly seen 
while a vortex is about to shed. The second vortex induces a stagnating flow region, 
which opposes the force on the top surface. During the time interval of 0.4s to 1s the 
vortices shed one after the other and move downstream. 
 
 
 
 
 
Figure 52. (a). Time = 0.2s 
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Figure 52. (b). Time = 0.4s 
 
 
 
 
 
 
 
Figure 52. (c). Time = 0.6s 
 
 
 
 
 
 
 
 
Figure 52. (d). Time = 0.8s 
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Figure 52. (e). Time = 1.0s 
5.1.2 3-D Numerical Results 
 After an effective 2-D exploration it can be postulated that a combination of two 
inclined flat plates do indeed adhere to the physics of vortex shedding and harmonically 
oscillate with respect to time. The evaluation of the 14 designs determined Model No. 12 
to be the best performing resonator. An extended 3-D analysis of this design was 
performed. This 3-D analysis included the study of a detailed vortex formation any edge 
effects that might cancel out useful vibrations. A successful trial from the 3-D 
investigation consistently shows the lift coefficient on the mechanical resonator 
oscillating harmonically with a shedding frequency of ~10Hz as shown in Figure 53. 
Figure 53. Lift Coefficient vs. Time at Air Velocity V = 7m/s 
 
Another spectral analysis was carried out using Fast Fourier Transform (FFT) 
algorithm of the entire incoming signal, this time for a duration of 5s. Due to conceivable 
disturbances in the inbound flow this extended period contains numerous vortex-shedding 
frequencies, which were marginally different from each other. The resulting similar, 
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lengthening of the spectral peak occurs which in turn leads to a frequency signal as seen 
in Figure 54. 
Figure 54. FFT Analysis showing peak frequency at steady harmonic vibration amplitude; 
Magnitude in kg/m 
 
The succession of Figures 55 (a)-(d) show the path-lines and vorticity contours 
and exemplifies the interface of transitory vortices with the mechanical resonator. The 
positions of the vortices are recognized by circulatory zones where the vorticity is at its 
maximum.  The flow regime during time instances of 0.25s to 1s show the influence of 
the incoming flow by the development two governing vortices on the resonator and the 
resulting stagnation region where the change in dynamic pressure causes the resonator to 
start vibrating. The 3-D study also shows that the inward flow from the edges aides’ 
formation of vortices rather than having a negative impact on them. 
 
 
	  64	  
	  
 
                                        Figure 55. (a). Time = 0.25s 
                                                     Figure 55. (b). Time = 0.5s 
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                                                      Figure 55. (c). Time = 0.75s	  
                                                       Figure 55. (d). Time = 1.0s 
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5.2 Experimental Results 
5.2.1 Steel and Balsa Wood 
 Steel was the primary material of choice as it is easily available and is very cost 
effective. The high stiffness of the coupling piezoelectric component makes it hard to 
bend. The sizable weight of steel was an engineering decision made to achieve almost 
guaranteed deformation of the energy harvester. The measured weight of the steel 
resonator alone was determined as 32g and with the coupled piezo 36g. This weight 
deemed too much for the piezo to handle and some parts were replaced with light balsa 
wood. The initial 14 designs (Table 4-2) were made out of this combination. 
Measurements of these 14 designs are mentioned in APPENDIX D. Figure 56 shows the 
deformation on the piezoelectric energy harvester and a comparison between the 
computationally predicted and experimentally measured power outputs at air speed of 
U=12m/s is shown in Fig. 57. 
Figure 56. Deformation on the power generator during operation at 12m/s 
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Figure 57. Experimental and Numerical Output Power Generation at12m/s 
 
Figure 57 shows the close correlation between the numerical predictions and 
experimental results. It should be noted, however, the discrepancies between the 
predicted and the experimental result for small sizes resonators. A possible explanation 
for that could be the influence of the edge effects at small size resonators, which 
otherwise are negligible at larger size resonators. The first numerical model being 2-D 
indicates an infinitely long width and should be considered more of an ideal solution. For 
these 2-D resonators edge affects are not taken into account in the developed 2D 
numerical models. The experimentally achieved peak-to-peak AC voltage at wind speed 
of 12m/s is in the range of 20-30 Volts and a DC voltage of 8 Volts at a frequency of 
vibration ~ 2 Hz. The maximum output electric power achieved through Model No. 12 
resonator is ~ 0.3mW, which noting the maximum output power of the generator yields 
an efficiency of 30%. 
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5.2.2 Aluminum and Balsa Wood 
 The above section explains the relationship of the Model No. 12 steel resonator 
and piezoelectric generator coupling. Due a low vibration frequency the development of 
charge on the surface of the piezo is not fast enough. Therefore, another engineering 
decision was made to decrease the weight of the resonator considerably in order to bump 
up this frequency response. The weight of the aluminum resonator alone was determined 
as 9g and with the coupled piezo 13g. Figures 58, 59 show the AC and DC experimental 
results done on the optimized design using the Tektronix TDS 1002B type Oscilloscope 
and Figure 60 shows the deformation on the energy harvester using the optimized lighter 
resonator. Oscilloscope measurements for all wind speed ranges were also done and can 
be found in APPENDIX E. 
 
 
 
 
 
 
 
                                                          
Figure 58. AC Measurements at 7m/s 
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                                             Figure 59. DC Measurements at 7m/s 
 
 
       Figure 60. Deformation on the Piezoelectric Power Generator at a wind speed of 7m/s 
 
 
 7 
 
 
 
 
 
 
 
 
 
 
Figure 13. Deformation in the power g nerator during o ration. 
The experimentally achieved peak-to-peak voltage at wind speed of 7m/s is in the range of 20-30 Volts at a 
frequency of vibration ~ 10 Hz. The maximum output electric power achieved per resonator was increased from 
0.3mW to 0.5mW noting the theoretical maximum of the piezoelectric power generator being ~1mW. 
5. Conclusions 
The response of a mechanical resonator coupled with piezoelectric power generator, to external forcing due to the 
vortex shedding has been examined using numerical simulations, power and frequency response measurements. 
Data show that the resonators are able to exhibit lock-in behaviour to the bluff body shedding. The amplitude of 
oscillation appears to be confined to within an envelope that is similar to the width to the wake that forms behind the 
bluff body. The maximum power generation achieved without power circuit optimization is ~0.5mW. Some future 
work includes stiffness variation on the bluff body, which will allow the model to function in a higher lock-in 
frequency range to extract more power out of the current piezoelectric power generator. Furthermore, an array of the 
lightweight coupling mechanism will be created and tested in outdoor environments to confirm the feasibility of the 
project idea. 
Figure 12 (a). Time = 0.25s Figure 12 (b). Time = 0.5s 
Figure 12 (c). Time = 0.75s Figure 12 (d). Time = 0.1s 
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The results from this experimental section are summarized as follows: 
1. Peak to peak AC voltage from optimized single harvester>80 Volts 
Comment: This is a significant increase from the previous heavy combination of 
just 20-30 Volts. 
2. Peak to peak DC voltage from optimized single harvester>30 Volts 
Comment: A major improvement in output voltage, which signifies more power 
generation. 
3. Frequency of Vibration (Numerically) ~ 10 Hz 
 
4. Frequency of Vibration (Experimentally) ~ 7 Hz 
Comment: A bump in frequency in order of 5Hz, which explains faster charge 
accumulation on the generators surface. This frequency is also consistent with the 
structural analysis performed in section 4.2. 
5. Cut in speed ~ 7m/s 
Comment: Reduction in cut in speed from 12m/s to 7m/s. 
 
6. Maximum Output Power from a single harvester ~ 5.1mW 
Comment: Output power exceeds the theoretical prediction. A reason could be 
exceeding the generators limits through excessive repetitive deformation. 
7. Theoretical Output Power of Piezo under standard conditions ~ 1mW 
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5.2.3 Array Generation 
 Optimistic results using 2-D, 3-D and experimental methodologies have lead to 
the final engineering decision, which is to build an Array of power generators.  This 
Array was built using 8 optimized tightly coupled lightweight resonators and 
piezoelectric energy harvesters (refer section 4.3.2). The total AC and DC power outputs 
were re-measured using the Tektronix TDS 1002B type Oscilloscope. The incoming AC 
voltage from 8 generators will constructively and destructively phase match at different 
points in time. The capture shown in Figure 61 shows an instant in time where the 
generators are in phase with each other. The DC voltage is measured after connecting the 
generators in series and is described in Figure 62. These measurements were also done 
for all ranges if wind speeds and can be found in APPENDIX E. 
 
 
 
 
 
 
 
 
 
 
 
 
                                 Figure 61. AC Voltage Measure of the Array at 7m/s 
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                                 Figure 62. DC Measure of the Array at 7m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                    Figure 63. Array in the midst of Power Production 
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The results of power production using the Array is as follows: 
 
1. Peak to Peak AC voltage from Array harvesting  >200 Volts 
 
2. Peak to Peak DC voltage from Array harvesting  >120 Volts 
 
3. Averaged Frequency of Vibration ~ 15Hz 
 
4. Cut in Speed ~ 7m/s 
 
5. Output Power from this Array ~ 85mW 
Note that the generated power from a single harvester is not linear with respect to 
this Array but exponential. Almost twice the amount of power can be generated with this 
Array as opposed to 16 single harvesters if calculated mathematically. This amplification 
has a direct correlation with literature, which discusses vortex shedding from multiple 
cylinders when arranged in an inline and staggered array fashion (see Figures 64 and 65). 
For certain spacing schemes of these cylinders vortex shedding is suppressed and for 
smaller gaps the pairs of cylinders behave like a single body with regards to vortex 
shedding. The figures also show the compilation of Strouhal numbers for flow within 
arrays of cylinders. These Strouhal numbers are based on tube diameter and average flow 
velocity through minimum area between cylinders. These Strouhal numbers characterize 
the peak in the turbulence spectrum within the array and vary by large amounts for 
different types of spacing. This high variation causes great change in frequencies of 
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vibrations for the system as a whole and amplifies power output exponentially. Therefore,  
it can be assumed that these harvesters have an effect on each other; the flow they create 
around themselves influence neighboring harvesters exciting each other to achieve 
resonance and work together to produce more power. 
 
 
 
 
 
 
                 Figure 64. Strouhal Numbers for inline system of cylinder arrays [Blevin, 1977] 
 
 
 
 
 
 
            Figure 65. Stouhal Numbers for staggered system of cylinder arrays [Blevin, 1977] 
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CHAPTER 6 
CONCLUSION 
This thesis has presented the study of using two coupled parts, a mechanical 
resonator and a commercially available piezoelectric energy generator along with 
engineered extensions to effectively convert ambient vibrations and flows into electricity. 
Such devices provide affordable, sustainable and maintenance-free power solutions for 
low power wireless and portable devices. Upon review of published literature in this 
field, it was found that the current design of these types of harvesters needs to be 
improved to maximize the power output. As an effective way of converting mechanical 
energy into electricity, these energy harvesters discussed in this thesis have great 
potential in flow energy harvesting as an alternative to the low efficiency small-scale 
turbine systems. The response of the mechanical resonator coupled with piezoelectric 
power generator, to external forcing due to the vortex shedding has been examined using 
2-D and 3-D numerical simulations, power and frequency response measurements. 
Experimental results show that the resonators are able to exhibit lock-in behavior to the 
bluff body shedding. The amplitude of oscillation appears to be confined to within an 
envelope that is similar to the width of the wake that forms behind the bluff body. 
Furthermore, an Array of these resonators was also constructed and a total feasible power 
output tested. A single harvester is able to produce a power of ~5.1mW and an entire 
Array of these harvesters can deliver power up to ~85mW. The generated power from a 
single harvester is not linear with respect to this Array but exponential. Almost twice the 
amount of power can be generated with this Array as opposed to 16 single harvesters if 
calculated mathematically. It can be assumed that these harvesters have an effect on each 
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other; they excite each other and work together to produce more power. Future work 
includes bluff body optimization; suggestions include further weight reduction, 
adaptation to lower cut-in wind speeds and active plate angle variation for optimal 
performance. Moreover, circuit optimization would be ideal to remove any phase 
mismatch and allow continuous, low noise and smooth power deliverance. 
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APPENDICES 
APPENDIX A 
 
MATLAB CODE FOR AMPLITUDE CACLULATION 
clear; 
 
clc; 
 
% enter input parameters 
 
% characteristic length 
 
D=?; 
 
% strouhal number 
 
S=?; 
 
% mass per unit length 
 
m=?; 
 
% damping factor 
 
ξ=?; 
 
% density of fluid used 
 
ρ=?; 
 
% coefficients in the curve fit of lift [32] (these are constant values) 
 
a=0.35; 
 
b=0.6; 
 
c=-0.93; 
 
% define 
 
F, Ay, Cl,deltar 
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% models have been developed for vortex – induced vibrations in different ranges of 
Reynolds number that incorporate the amplitude dependence of lift. This equation can be 
found in Blevins, 1977 chp. 3 [32]. 
Cl=a+b*(Ay/D)+c*(Ay/D)^2; 
 
% Scruton number or reduced damping [see Eq. (18)] 
 
deltar=2*m*(2*pi*ξ)/(ρ*D^2); 
 
% Eq. (17) 
 
F=Ay/D-Cl/(4*pi*S^2*deltar); 
 
%solve for amplitude of vortex-induced vibration 
 
Ay=double(solve(F,'Ay')) 
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APPENDIX B 
NUMERICALLY INVESTIGATED PARAMETERS 
Table B-1 Numerically Investigated Parameters (Length - Meters; Angles - Degrees) 
L2 L1 A2 A1 
0.18 0.09 130 250 
0.18 0.1 145 260 
0.18 0.1 155 255 
0.06 0.181 140 245 
0.08 0.161 145 235 
0.06 0.18 140 245 
0.01 0.03 140 250 
0.03 0.08 145 240 
0.03 0.08 135 255 
0.01 0.03 135 255 
0.05 0.1 135 255 
0.1 0.2 135 255 
0.04 0.08 135 280 
0.01 0.016 145 255 
0.03 0.06 135 255 
0.03 0.06 135 265 
0.03 0.06 135 275 
0.03 0.06 135 270 
0.03 0.06 145 265 
0.03 0.09 135 265 
0.06 0.12 135 265 
0.04 0.05 135 265 
0.03 0.06 120 265 
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0.03 0.06 125 265 
0.1 0.2 135 265 
0.03 0.06 135 260 
0.01 0.02 135 265 
0.1 0.2 120 290 
0.04 0.08 135 265 
0.015 0.03 135 265 
0.04 0.05 135 270 
0.04 0.1 135 265 
0.03 0.1 130 255 
0.03 0.1 130 265 
0.02 0.05 135 250 
0.02 0.05 135 265 
0.02 0.06 135 265 
0.02 0.06 135 270 
0.03 0.07 135 250 
0.03 0.06 155 240 
0.03 0.07 155 245 
0.03 0.06 155 245 
0.03 0.07 160 245 
0.03 0.07 165 245 
0.03 0.07 157 245 
0.03 0.07 153 245 
0.03 0.07 155 265 
0.03 0.07 150 245 
0.03 0.07 140 250 
0.04 0.08 150 230 
0.04 0.08 160 230 
0.04 0.1 160 220 
0.04 0.05 160 220 
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0.02 0.05 157 245 
0.02 0.07 157 245 
0.02 0.07 155 245 
0.03 0.1 157 245 
0.05 0.07 153 245 
0.04 0.12 135 265 
0.02 0.03 135 265 
0.04 0.12 155 245 
0.02 0.3 155 245 
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APPENDIX C 
PRESSURE AND VELOCITY MEASUREMENTS 
Table C-1 Pitot Tube and Velocity Measurements from Motor Frequency (3Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
1.2 1.26 1.44666839 1.2041 
1.4 
 
1.3 
1.1 
1.3 
 
 
Table C-2 Pitot Tube and Velocity Measurements from Motor Frequency (5Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
1.8 1.76 1.709779295 1.2041 
1.9 
 
1.7 
1.6 
1.8 
 
 
Table C-3 Pitot Tube and Velocity Measurements from Motor Frequency (7Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
5.2 5.24 2.950185765 1.2041 
5 
 
5.5 
5.4 
5.1 
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Table C-4 Pitot Tube and Velocity Measurements from Motor Frequency (9Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
10.4 10.52 4.180147337 1.2041 
10.5 
 
10.7 
10.6 
10.4 
 
 
Table C-5 Pitot Tube and Velocity Measurements from Motor Frequency (10Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
16.9 16.8 5.28248607 1.2041 
16.7 
 
16.8 
17 
16.6 
 
 
Table C-6 Pitot Tube and Velocity Measurements from Motor Frequency (12Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
21.9 21.8 6.017442741 1.2041 
21.8 
 
21.7 
22 
21.6 
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Table C-7 Pitot Tube and Velocity Measurements from Motor Frequency (14Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
29.9 29.6 7.01180089 1.2041 
28.9 
 
30 
29.7 
29.5 
 
 
Table C-8 Pitot Tube and Velocity Measurements from Motor Frequency (15Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
39.9 39.86 8.136776122 1.2041 
40 
 
39.8 
39.7 
39.9 
 
 
Table C-9 Pitot Tube and Velocity Measurements from Motor Frequency (17Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
55.5 55.66 9.615133547 1.2041 
55.3 
 
56.6 
56.2 
54.7 
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Table C-10 Pitot Tube and Velocity Measurements from Motor Frequency (19Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
65.3 65.78 10.45275218 1.2041 
66 
 
65.6 
66.1 
65.9 
 
 
Table C-11 Pitot Tube and Velocity Measurements from Motor Frequency (21Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
73 72.88 11.00241195 1.2041 
72.9 
 
73.1 
72.8 
72.6 
 
 
Table C-12 Pitot Tube and Velocity Measurements from Motor Frequency (22Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
86 90.02 12.01793788 1.2041 
86.7 
 
85.8 
86.1 
85.9 
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Table C-13 Pitot Tube and Velocity Measurements from Motor Frequency (24Hz) 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
97.6 97.76 12.74278384 1.2041 
97.4 
 
97.9 
98 
97.9 
 
 
Table C-14 Pitot Tube and Velocity Measurements from Motor Frequency (25Hz) 
 
Pressure (Pa) Pavg U (m/s) ρ (kg·m-3) 
109.5 108.38 13.41708876 1.2041 
108.7 
 
107.9 
108 
107.8 
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APPENDIX D 
POWER OUTPUT FOR PRELIMINARY 14 DESIGNS (RV-RECTIFIED VOLTAGE) 
Table D-1 DC Power Output for Model No. 3 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.1 0.00000005 1200.1 7.20120005 
4 0.7 0.00000245 1200.7 7.20840245 
5 1.1 0.00000605 1201.1 7.21320605 
6 2 0.00002 1202 7.22402 
7 4.3 0.00009245 1204.3 7.25169245 
8 4.7 0.00011045 1204.7 7.25651045 
9 7.4 0.0002738 1207.4 7.2890738 
10 12.5 0.00078125 1212.5 7.35078125 
11 18.6 0.0017298 1218.6 7.4249298 
12 35 0.006125 1235 7.626125 
13 50 0.0125 1250 7.8125 
14 68 0.02312 1268 8.03912 
15 87 0.037845 1287 8.281845 
16 109 0.059405 1309 8.567405 
17 139 0.096605 1339 8.964605 
18 1000 5 2200 24.2 
19 2000 20 3200 51.2 
20 2800 39.2 4000 80 
21 3200 51.2 4400 96.8 
22 4000 80 5200 135.2 
23 4400 96.8 5600 156.8 
24 4800 115.2 6000 180 
25 4000 80 5200 135.2 
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Table D-2 DC Power Output for Model No. 14 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.1 0.00000005 1200.1 7.20120005 
4 0.1 0.00000005 1200.1 7.20120005 
5 0.1 0.00000005 1200.1 7.20120005 
6 0.9 0.00000405 1200.9 7.21080405 
7 0.9 0.00000405 1200.9 7.21080405 
8 2.8 0.0000392 1202.8 7.2336392 
9 8.8 0.0003872 1208.8 7.3059872 
10 12 0.00072 1212 7.34472 
11 15 0.001125 1215 7.381125 
12 80 0.032 1280 8.192 
13 110 0.0605 1310 8.5805 
14 160 0.128 1360 9.248 
15 170 0.1445 1370 9.3845 
16 210 0.2205 1410 9.9405 
17 250 0.3125 1450 10.5125 
18 292 0.42632 1492 11.13032 
19 360 0.648 1560 12.168 
20 377 0.710645 1577 12.434645 
21 410 0.8405 1610 12.9605 
22 1000 5 2200 24.2 
23 1800 16.2 3000 45 
24 2000 20 3200 51.2 
25 2300 26.45 3500 61.25 
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Table D-3 DC Power Output for Model No. 6 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.1 0.00000005 1200.1 7.20120005 
4 0.5 0.00000125 1200.5 7.20600125 
5 2.4 0.0000288 1202.4 7.2288288 
6 1.3 0.00000845 1201.3 7.21560845 
7 2.8 0.0000392 1202.8 7.2336392 
8 5.6 0.0001568 1205.6 7.2673568 
9 19 0.001805 1219 7.429805 
10 28 0.00392 1228 7.53992 
11 39 0.007605 1239 7.675605 
12 120 0.072 1320 8.712 
13 211 0.222605 1411 9.954605 
14 279 0.389205 1479 10.937205 
15 321 0.515205 1521 11.567205 
16 280 0.392 1480 10.952 
17 600 1.8 1800 16.2 
18 680 2.312 1880 17.672 
19 1000 5 2200 24.2 
20 3800 72.2 5000 125 
21 4000 80 5200 135.2 
22 4000 80 5200 135.2 
23 3500 61.25 4700 110.45 
24 3600 64.8 4800 115.2 
25 4200 88.2 5400 145.8 
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Table D-4 DC Power Output for Model No. 5 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.4 0.0000008 1200.4 7.2048008 
4 0.7 0.00000245 1200.7 7.20840245 
5 1.5 0.00001125 1201.5 7.21801125 
6 1 0.000005 1201 7.212005 
7 4.2 0.0000882 1204.2 7.2504882 
8 6.8 0.0002312 1206.8 7.2818312 
9 1.5 0.00001125 1201.5 7.21801125 
10 2 0.00002 1202 7.22402 
11 2.4 0.0000288 1202.4 7.2288288 
12 5.6 0.0001568 1205.6 7.2673568 
13 7.8 0.0003042 1207.8 7.2939042 
14 14.1 0.00099405 1214.1 7.37019405 
15 22 0.00242 1222 7.46642 
16 29 0.004205 1229 7.552205 
17 50 0.0125 1250 7.8125 
18 70 0.0245 1270 8.0645 
19 2000 20 3200 51.2 
20 3000 45 4200 88.2 
21 3000 45 4200 88.2 
22 4000 80 5200 135.2 
23 4000 80 5200 135.2 
24 4000 80 5200 135.2 
25 4200 88.2 5400 145.8 
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Table D-5 DC Power Output for Model No. 12 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.8 0.0000032 1200.8 7.2096032 
4 1.6 0.0000128 1201.6 7.2192128 
5 3.5 0.00006125 1203.5 7.24206125 
6 1 0.000005 1201 7.212005 
7 37 0.006845 1237 7.650845 
8 4.8 0.0001152 1204.8 7.2577152 
9 2.2 0.0000242 1202.2 7.2264242 
10 5.5 0.00015125 1205.5 7.26615125 
11 17 0.001445 1217 7.405445 
12 17 0.001445 1217 7.405445 
13 17 0.001445 1217 7.405445 
14 20 0.002 1220 7.442 
15 56 0.01568 1256 7.88768 
16 81 0.032805 1281 8.204805 
17 105 0.055125 1305 8.515125 
18 110 0.0605 1310 8.5805 
19 214 0.22898 1414 9.99698 
20 1700 14.45 2900 42.05 
21 3000 45 4200 88.2 
22 3000 45 4200 88.2 
23 4700 110.45 5900 174.05 
24 5200 135.2 6400 204.8 
25 5800 168.2 7000 245 
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Table D-6 DC Power Output for Model No. 7 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.1 0.00000005 1200.1 7.20120005 
4 0.2 0.0000002 1200.2 7.2024002 
5 0.4 0.0000008 1200.4 7.2048008 
6 0.5 0.00000125 1200.5 7.20600125 
7 0.7 0.00000245 1200.7 7.20840245 
8 1.5 0.00001125 1201.5 7.21801125 
9 1.7 0.00001445 1201.7 7.22041445 
10 3.8 0.0000722 1203.8 7.2456722 
11 4 0.00008 1204 7.24808 
12 11.8 0.0006962 1211.8 7.3422962 
13 11.6 0.0006728 1211.6 7.3398728 
14 16 0.00128 1216 7.39328 
15 29 0.004205 1229 7.552205 
16 32 0.00512 1232 7.58912 
17 72 0.02592 1272 8.08992 
18 50 0.0125 1250 7.8125 
19 2000 20 3200 51.2 
20 4000 80 5200 135.2 
21 3300 54.45 4500 101.25 
22 4000 80 5200 135.2 
23 4000 80 5200 135.2 
24 4000 80 5200 135.2 
25 5.5 0.00015125 1205.5 7.26615125 
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Table D-7 DC Power Output for Model No. 16 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 1.1 0.00000605 1201.1 7.21320605 
4 1.4 0.0000098 1201.4 7.2168098 
5 3.3 0.00005445 1203.3 7.23965445 
6 2.8 0.0000392 1202.8 7.2336392 
7 2 0.00002 1202 7.22402 
8 4 0.00008 1204 7.24808 
9 4 0.00008 1204 7.24808 
10 5 0.000125 1205 7.260125 
11 6.1 0.00018605 1206.1 7.27338605 
12 24.2 0.0029282 1224.2 7.4933282 
13 43 0.009245 1243 7.725245 
14 113 0.063845 1313 8.619845 
15 73 0.026645 1273 8.102645 
16 80 0.032 1280 8.192 
17 72 0.02592 1272 8.08992 
18 36 0.00648 1236 7.63848 
19 80 0.032 1280 8.192 
20 110 0.0605 1310 8.5805 
21 800 3.2 2000 20 
22 1700 14.45 2900 42.05 
23 4000 80 5200 135.2 
24 5000 125 6200 192.2 
25 3600 64.8 4800 115.2 
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Table D-8 DC Power Output for Model No. 9 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.9 0.00000405 1200.9 7.21080405 
4 1.9 0.00001805 1201.9 7.22281805 
5 1.1 0.00000605 1201.1 7.21320605 
6 6 0.00018 1206 7.27218 
7 1.9 0.00001805 1201.9 7.22281805 
8 2.8 0.0000392 1202.8 7.2336392 
9 6 0.00018 1206 7.27218 
10 20 0.002 1220 7.442 
11 23.3 0.00271445 1223.3 7.48231445 
12 26 0.00338 1226 7.51538 
13 33 0.005445 1233 7.601445 
14 60 0.018 1260 7.938 
15 69.6 0.0242208 1269.6 8.0594208 
16 100 0.05 1300 8.45 
17 180 0.162 1380 9.522 
18 324 0.52488 1524 11.61288 
19 100 0.05 1300 8.45 
20 100 0.05 1300 8.45 
21 600 1.8 1800 16.2 
22 400 0.8 1600 12.8 
23 800 3.2 2000 20 
24 900 4.05 2100 22.05 
25 1600 12.8 2800 39.2 
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Table D-9 DC Power Output for Model No. 15 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.5 0.00000125 1200.5 7.20600125 
4 0.6 0.0000018 1200.6 7.2072018 
5 1 0.000005 1201 7.212005 
6 5.5 0.00015125 1205.5 7.26615125 
7 1.8 0.0000162 1201.8 7.2216162 
8 3 0.000045 1203 7.236045 
9 6.8 0.0002312 1206.8 7.2818312 
10 6.3 0.00019845 1206.3 7.27579845 
11 7.2 0.0002592 1207.2 7.2866592 
12 20 0.002 1220 7.442 
13 35 0.006125 1235 7.626125 
14 59 0.017405 1259 7.925405 
15 69 0.023805 1269 8.051805 
16 93 0.043245 1293 8.359245 
17 92 0.04232 1292 8.34632 
18 100 0.05 1300 8.45 
19 170 0.1445 1370 9.3845 
20 200 0.2 1400 9.8 
21 235 0.276125 1435 10.296125 
22 700 2.45 1900 18.05 
23 1600 12.8 2800 39.2 
24 2600 33.8 3800 72.2 
25 3800 72.2 5000 125 
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Table D-10 DC Power Output for Model No. 4 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.7 0.00000245 1200.7 7.20840245 
4 103 0.053045 1303 8.489045 
5 0.2 0.0000002 1200.2 7.2024002 
6 0.5 0.00000125 1200.5 7.20600125 
7 1.3 0.00000845 1201.3 7.21560845 
8 1.4 0.0000098 1201.4 7.2168098 
9 1.4 0.0000098 1201.4 7.2168098 
10 2.2 0.0000242 1202.2 7.2264242 
11 4.1 0.00008405 1204.1 7.24928405 
12 5.2 0.0001352 1205.2 7.2625352 
13 9.2 0.0004232 1209.2 7.3108232 
14 12 0.00072 1212 7.34472 
15 18.8 0.0017672 1218.8 7.4273672 
16 29.2 0.0042632 1229.2 7.5546632 
17 44 0.00968 1244 7.73768 
18 38 0.00722 1238 7.66322 
19 40 0.008 1240 7.688 
20 40 0.008 1240 7.688 
21 2400 28.8 3600 64.8 
22 3500 61.25 4700 110.45 
23 3800 72.2 5000 125 
24 4000 80 5200 135.2 
25 0 0 0 0 
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Table D-11 DC Power Output for Model No. 13 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.7 0.000000245 1200.7 7.20840245 
4 1.3 0.000000845 1201.3 7.21560845 
5 1.9 0.000001805 1201.9 7.22281805 
6 2.4 0.00000288 1202.4 7.2288288 
7 3.4 0.00000578 1203.4 7.2408578 
8 24 0.000288 1224 7.49088 
9 15.1 0.000114005 1215.1 7.38234005 
10 16.7 0.000139445 1216.7 7.40179445 
11 54.7 0.001496045 1254.7 7.87136045 
12 82 0.003362 1282 8.21762 
13 95.8 0.00458882 1295.8 8.3954882 
14 105 0.0055125 1305 8.515125 
15 133.3 0.008884445 1333.3 8.88844445 
16 354 0.062658 1554 12.07458 
17 364 0.066248 1564 12.23048 
18 376 0.070688 1576 12.41888 
19 380 0.0722 1580 12.482 
20 400 0.08 1600 12.8 
21 700 0.245 1900 18.05 
22 850 0.36125 2050 21.0125 
23 3100 4.805 4300 92.45 
24 3600 6.48 4800 115.2 
25 4000 8 5200 135.2 
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Table D-12 DC Power Output for Model No. 10 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.3 0.00000045 1200.3 7.20360045 
4 1 0.000005 1201 7.212005 
5 1.6 0.0000128 1201.6 7.2192128 
6 2 0.00002 1202 7.22402 
7 3.2 0.0000512 1203.2 7.2384512 
8 8.4 0.0003528 1208.4 7.3011528 
9 1.4 0.0000098 1201.4 7.2168098 
10 2.5 0.00003125 1202.5 7.23003125 
11 2.4 0.0000288 1202.4 7.2288288 
12 7 0.000245 1207 7.284245 
13 7 0.000245 1207 7.284245 
14 12 0.00072 1212 7.34472 
15 31 0.004805 1231 7.576805 
16 32.3 0.00521645 1232.3 7.59281645 
17 45 0.010125 1245 7.750125 
18 68.1 0.02318805 1268.1 8.04038805 
19 65 0.021125 1265 8.001125 
20 146 0.10658 1346 9.05858 
21 800 3.2 2000 20 
22 1200 7.2 2400 28.8 
23 1600 12.8 2800 39.2 
24 2200 24.2 3400 57.8 
25 2700 36.45 3900 76.05 
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Table D-13 DC Power Output for Model No. 8 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.2 0.0000002 1200.2 7.2024002 
4 0.8 0.0000032 1200.8 7.2096032 
5 1.3 0.00000845 1201.3 7.21560845 
6 2.3 0.00002645 1202.3 7.22762645 
7 1.3 0.00000845 1201.3 7.21560845 
8 2.6 0.0000338 1202.6 7.2312338 
9 5.2 0.0001352 1205.2 7.2625352 
10 8.5 0.00036125 1208.5 7.30236125 
11 11.7 0.00068445 1211.7 7.34108445 
12 29.2 0.0042632 1229.2 7.5546632 
13 37.4 0.0069938 1237.4 7.6557938 
14 84 0.03528 1284 8.24328 
15 68 0.02312 1268 8.03912 
16 140 0.098 1340 8.978 
17 174.2 0.1517282 1374.2 9.4421282 
18 284.6 0.4049858 1484.6 11.0201858 
19 280 0.392 1480 10.952 
20 312 0.48672 1512 11.43072 
21 388 0.75272 1588 12.60872 
22 400 0.8 1600 12.8 
23 450 1.0125 1650 13.6125 
24 680 2.312 1880 17.672 
25 1200 7.2 2400 28.8 
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Table D-14 DC Power Output for Model No. 11 (Max Output is Highlighted) 
U (Hz) Voltage (mV) Power (mW) RV (mV) Power (mW) 
3 0.4 0.0000008 1200.4 7.2048008 
4 7.4 0.0002738 1207.4 7.2890738 
5 7.1 0.00025205 1207.1 7.28545205 
6 4.6 0.0001058 1204.6 7.2553058 
7 4.6 0.0001058 1204.6 7.2553058 
8 9.1 0.00041405 1209.1 7.30961405 
9 7.4 0.0002738 1207.4 7.2890738 
10 13.6 0.0009248 1213.6 7.3641248 
11 15.4 0.0011858 1215.4 7.3859858 
12 20.6 0.0021218 1220.6 7.4493218 
13 25.6 0.0032768 1225.6 7.5104768 
14 45.1 0.01017005 1245.1 7.75137005 
15 90 0.0405 1290 8.3205 
16 80 0.032 1280 8.192 
17 120 0.072 1320 8.712 
18 210 0.2205 1410 9.9405 
19 290 0.4205 1490 11.1005 
20 303 0.459045 1503 11.295045 
21 1100 6.05 2300 26.45 
22 1300 8.45 2500 31.25 
23 1600 12.8 2800 39.2 
24 1600 12.8 2800 39.2 
25 1000 5 2200 24.2 
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APPENDIX E 
TEKTRONIX TDS1002B TYPE OSCILLOSCOPE ALL RANGE WIND 
MEASUREMENTS FOR A SINGLE HARVESTER 
 
Figure E-1. AC Voltage at 1.4m/s 
 
Figure E-2. DC Voltage at 1.4m/s 
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Figure E-3. AC Voltage at 2m/s 
 
Figure E-4. DC Voltage at 2m/s 
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Figure E-5. AC Voltage at 3m/s 
 
Figure E-6. DC Voltage at 3m/s 
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Figure E-7. AC Voltage at 4.1m/s 
 
Figure E-8. DC Voltage at 4.1m/s 
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Figure E-9. AC Voltage at 6m/s 
 
Figure E-10. DC Voltage at 6m/s 
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TEKTRONIX TDS1002B TYPE OSCILLOSCOPE ALL RANGE WIND 
MEASUREMENTS FOR THE ARRAY 
 
Figure E-11. AC Voltage at 1.4m/s 
 
Figure E-12. DC Voltage at 1.4m/s 
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Figure E-13. AC Voltage at 2m/s 
 
Figure E-14. DC Voltage at 2m/s 
 
 
	  112	  
	  
 
Figure E-15. AC Voltage at 3m/s 
 
Figure E-16. DC Voltage at 3m/s 
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Figure E-17. AC Voltage at 4.1m/s 
 
Figure E-18. DC Voltage at 4.1m/s 
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Figure E-19. AC Voltage at 6m/s 
 
Figure E-20. DC Voltage at 6m/s 
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